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ABSTRACT 
With the aim of gaining a better understanding of 
the actomyosin-based aspects of the motility of non-
muscle cells, attempts have been made to determine the 
form and localization of actin and myosin in cultured 
chick embryo connective tissue cells. 
X 
Living cells were studied by phase contrast microscopy 
to gain an appreciation of the movements to be explained. 
Electron microscopic examination of fixed critical-point 
dried cells was carried out to determine the three 
dimensional distribution of the filamentous structure 
associated with the cells' moving components. Thin 
filaments (4-7 nm in diameter) were associated with 
movements of -the cell surface and intermediate-sized 
filaments (7-11 nm) were associated with the movements 
of organelles. Both sets of filaments had attached 
to them tiny 'node-like' structures with fine tails. 
These structures are frequently joined tail to tail to 
form 'dumb-bell' shaped structures. 
Determination of the distribution of F-actin 
containing filaments was carried out with heavy meromyosin 
(HMM) and DNAase I. After giving the glycerinated/ 
myosin-extracted cells a gentle pre-treatment with trypsin, 
it was shown e l e ctron microscopically that virtually 
all filaments, both thin and intermediate labelled clearly 
with HMM, this indicating a content of F-actin. This 
conclusion was supported by the results of treating cells 
with DNAase I (known to specifically depolymerize F-actin) 
xi 
since this treatment caused a progressive depolymerization 
of both thin and intermediate filaments. 
Determination of the form and localization of 
cytoplasmic myosin was carried out by treating cells 
with glycerol/myosin-extracting solutions and comparing 
the resultant cell fine structure with that of the normal 
(unextracted) cell. Electron microscopy of normal 
cells failed to show any myosin thick filaments. 
When cultured cells were treated with solutions known 
to extract myosin (here confirmed by SDS polyacrylamide 
gel studies) the effect was to remove the nodes with 
fine tails and 'dumb-bell' shaped structures normally 
present throughout the cytoplasm. These results 
suggested that the nodes with fine tails and 'dumb-bell' 
shaped structures represent cytoplasmic myosin in some 
highly dispe~se form. Support for this idea came from 
model studies with skeletal muscle actin and myosin, 
mixed together in a molar ratio equivalent to that found 
in non-muscle cells. When examined electron microscopically, 
the resultant actin/myosin filamentous complex bore close 
resemblance to the filamentous arrays found in cells. 
Preliminary electron microscopic and biochemical 
investigations of the structure and molecular makeup 
of the intermediate filaments of chicken gizzard smooth 
muscle were undertaken to see whether these filaments also 
contain F-actin . The results showed that although these 
contained, in addition to a 55,000 dalton protein, significant 
quantities of actin, this actin was present in some non-
filamentous form. 
xii 
Overall, the various findings of the present work 
are consistent with the view that the movements of chick 
embryo connective tissue cells are brought about by 
actomyosin interactions involving filamentous actin, 
which is widespread throughout all levels of the 
cytoplasm, and myosin in the form of monomers and 
dimers. 
- - - - - - --- -·--- . 
CHAPTER 1 - GENERAL INTRODUCTION 
"Th e abili t y to r eact wi th act iv e moti on s 
to in terna l or exte r nal s timu li is without 
any doubt one o f the mos t stri king characte ris tic s 
of livi ng or gani s ms" (Komnick, Stockem and 
Wohlfarth-Bottermann, 1973). 
The ability to move is a feature not only of 
multicellular organisms but also of single cell 
organisms. Indeed the ability of a multicellular 
organism to move is entirely dependent on the movement 
of its constituent cells (skeletal muscle cells). 
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Various examples are cited below (see under Cell migration) 
to illustrate that all of the organism's constituent 
cells, including its non-muscle cells, have the capacity 
to move. Moreover, cell motility is not an exclusive 
property of the animal kingdom, but it includes the plant 
kingdom as well. This illustrates that motility is an 
important fundamental property of all living cells . 
Unfortunately, apart from the contraction of skeletal 
muscle cells, little is known about the mechanism 
involved in the movement of various other types of cells. 
The major a im of this thesis is to provide a 
contribution towards the understanding of the molecular 
basi s of the movement s of no n- musc l e c e lls. 
3 
Type of Cell Movements 
The movements of cells can be broadly classified into 
(a) Cell migration and (b) Subcellular mot ili ty. The 
latter can be further divided into surface movements of 
the cell membrane and movements within the cytoplasm. 
A highly specialized form of cell movement is skeletal 
muscle contraction. 
(a) Cell migration: Cell migration takes a number of 
forms and many examples can be cited to illustrate this 
phenomenon. A bacterium propels itself by rapidly rotating 
its flagella. Other unicellular organisms, such as 
Paramecium, move by beating their cilia. Amoebae migrate 
by means of extending and retracting pseudopodia. This 
type of movement is also found in the cells of primitive 
multicellular metazoans where amoE~oid migration of mesodermal 
cells towards food particles captured in the pseudocoelom 
is one aspect of their feeding behaviour. 
In higher organisms, cell migration is a commonly 
observed phenomenon. Migration of cells takes place in 
physiological as well as pathological conditions. Cellular 
migrations play a crucially important role in morphogenesis 
and development of embryos (Spooner et al., 1973). 
Examples of cell migration in pathological conditions a~e 
chemotactic movements of leukocytes (Florey, 1964), epithelial 
cell migration in wound healing (Florey and Jennings, 1964; 
Gibbins, 1976), platelet contraction following thrombus 
formation (Behnke, Kristensen and Nielsen, 1971) and 
invasion of normal tissues by tumour cells (Berenblum, 1964). 
Accordingly, the locomotion of cells in pathological events 
4 
is of great importance. 
The migration of normal and tumour cells has also be en 
observed in vitro by numerous authors since the early c e ll 
culture studies of Lewis and Lewis (1924). The advanta ge 
of this approach is that the cellular and subcellular 
movements can be examined in fine detail. 
(b) Subc e llular moti li ty: Broadly, this can be 
subdivided into two separate categories: 
1. Surface movements involving the cell membrane: 
Examples of these movements are pseudopodium formation, 
phagocytosis, pinocytosis, exocytosis and membrane ruffling 
including the formation and retraction of fan-shaped 
extensions of the cell membrane and microvilli. These 
movements commonly involve only localized regions of the 
cell surface. As in the case of whole cell migration, 
surface movements are significant in physiological as 
well as pathological situations. 
2 . Movements deep within the cytoplasm: The most 
striking example of cytoplasmic movement is found in 
primitive green algae such as Nitella and other Characeae. 
Together with the endoplasm, particulate organelles of the 
cytoplasm are transported, along seemingly straight pathways 
in a constant streaming motion, at velocities of 
approximately SO µm/sec (Williamson, 1975) . Another 
obvious example for this type of moveme nt is found in 
the slime mould, Physa rum polycephalum, in which reversible 
shuttle streaming in the veins is both spectacular and 
rapid. It serves as a means of transporting nutrients 
and is thought to play an important role in moving the 
5 
whole organism (Komnick, Stockem and Wohlfarth-Botterma nn, 
1973). Streaming moveme nts have also be en observed 
in some free-living animal cells such as Parame cium. 
Cytoplasmic movements less rapid and more 
discriminatory, since they appear to involve move ment of 
individual organelles rather than bulk cytoplasmic 
streaming, have for long been observed in cultured 
vertebrate cells (Lewis and Lewis, 1924; Frederic and 
Chevremont, 1952; Buckley, 1964; Buck ley and 
Porter, 1967; Rebhun, 1972). The non-random nature 
of these organelle movements has been fully documented 
by Freed and Lebowitz (1970) and Rebhun (1972). Although 
movie records of these organelle movements in cultured 
cells illustrate this point, the non-random nature of the 
movements is most dramatically illustrated in the movement 
of organelles within the axonic processes of neurones 
(Pomerat et al ., 1967; McMahan and Kuffler, 1971; 
Kirkpatrick, 1971). 
(c) Cont r action o f muscle c ell s: As an evolutionary end 
result, muscle cells exhibit a type of movement which 
is unique. As is well documented (Huxley, 1969), the 
muscle cell u i1dergoes intermittent contractile (i.e. active 
shortening) movements which involve the whole cell. In 
these moveme nts, force generation takes place in only 
one direction. By contrast, in non-muscle cells, 
movements mostly involve localized regions of the cell 
and these movements occur in three directions. 
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Mechanisms of Cell Motility 
Four mechanisms of cell motility have been proposed 
and investigated to date. These are: 
(1) The bacterial flagellar system which involves proteins 
such as flagellin (53,000 daltons) and a number of, as yet, 
undefined proteins involved in a proton-driven motor 
which rotates the flagella (Hilmen and Simon, 1976). 
(2) The myoneme system of stalked ciliates where the 
stalks are contractile by virtue of a rubber-like organelle 
2+ 
which contracts in response to Ca (Amos, 1978). 
(3) The tubulin-dynein system, which involves an 
interaction between microtubules and dynein, an ATPase. 
This system has been demonstrated to be the underlying 
mechanism for the beating of cilia and the movement of 
sperm-tails (Summers and Gibbons, 1971; Olmsted and 
Borisy, 1973) ~ 
(4) The actin-myosin contractile system of muscle cells 
(Huxley, 1969) which will be discussed below. 
The main concern of the present work is the 
subcellular movements exhibited by vertebrate non-muscle 
cells, which lack both flagella and cilia. Hence, the 
first two of the four mechanisms referred to above are not 
relevant to this study and will not be discussed further. 
Microtubules probably play a vital role in 
chromosome movement during cell division and in the 
organelle motions which take place in the perikaryons and 
axons of neurones (Porter, 1976). This conclusion was 
arrived at because microtubules, along with neurofilaments, 
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form the major structural components of axons (Wuerker, 
1970). Moreover, in the ventral nerve of the crayfish, 
neurofilaments are absent and only microtubules are 
present. Since cytoplasmic streaming is nevertheless 
observed in these axons, Porter (1976) argues that 
microtubules play the key role in cytoplasmic movements 
of neurones. In other than neurones, however, colchicine-
treated cells (which have lost their microtubules) 
continue to exhibit active movements (Goldman and Knipe, 
1973). Moreover, as it will be shown later (Chapter 3), 
the veil-like extensions of cultured chick embryo 
connective tissue cells, which show very rapid movements, 
are free of microtubules. Accordingly, although it seems 
that in certain kinds of movements, such as streaming 
within axons and movements of chromosomes during cell 
division, microtubules play a vital role, their general · 
role in other aspects of vertebrate cell motility remains 
uncertain (Komnick, Stockem and Wohlfarth-Bottermann, 1973). 
The next possible mechanism which may explain cell 
motility is an actin-myosin 'contractile' system similar 
to that of skeletal muscle. Loewy (1952) first observed 
that an extract obtained from Physarum and actomyosin 
extracted from muscle had many properties in common (e.g. 
contraction upon addition of ATP). Subsequently, as had 
earlier been shown with glycerinated muscle cells (Hanson 
and Huxley, 1955), glycerinated non-muscle cells were 
2+ 
shown to contract in the presence of Mg and ATP 
(reviewed by Arronet, 1973). Later, actomyosin isolated 
from platelets (termed 'thrombosthenin') was found to 
contract under similar conditons; subsequently 
thrombosthenin was separated into its constituent actin 
and myosin fractions (Bettex-Galland, Portzehl and 
.. 
Luscher, 1962). The purification of actin from Physarum 
8 
(Hatano and Oosawa, 1966) was a turning point in demonstrating 
that actin-myosin based qontractile systems can occur in 
non-muscle cells; electron micrographs of the negatively 
stained filaments obtained showed, without any doubt, the 
familiar double-helical structure of F-actin. According 
to Huxley (1976) this was the first really convincing 
evidence for an acto-myosin based contractile system in 
non-muscle cells. A second very important discovery was 
that of Ishikawa, Bischoff and Holtzer (1969) who showed, 
in a variety of glycerinated cell types, that heavy 
meromyosin can label certain (thin) filaments to give a 
characteristic arrowhead pattern similar to that originally 
observed in negatively stained preparations of HMM-decorated 
rabbit muscle F-actin (Huxley, 1963). 
These striking discoveries encouraged workers to 
believe that most of the movements in non-muscle cells are 
brought about by an actin-myosin based contractile system 
analogous to that of skeletal muscle. It was thought that 
this actin-myosin interaction must have developed originally 
in the course of evolution in relatively simple cellular 
systems and that the mechanism used by muscle cells 
represents a highly specialized elaboration of the basic 
mechanism (Huxley, 1976). At this juncture it is relevant 
to describe briefly the sliding-filament mechanism, 
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involving actin and myosin, which has been shown to be 
responsible for active force generation (i.e. contraction) 
in skeletal muscle (Huxley and Hanson, 1954; Huxley, 1969). 
The Molecular Basis of Skeletal Muscle Contraction 
The basic functional unit of the contractile apparatus 
in skeletal muscle is called a sarcomere. This is the 
structure which, repeated many times in series and in 
parallel in each muscle cell, accounts for the striations 
seen microscopically. Each sarcomere consists of 
interdigitating sets of thin and thick filaments (Fig. 1). 
Each thin filament is made up primarily of two strands of 
globular actin molecules helically wound to form an 
F-actin filament. In addition to F-actin, these filaments 
contain the regulatory proteins tropomyosin and troponin. 
The thick fiiaments are composed of bi-polar assemblies of 
myosin molecules together with some minor accessory proteins. 
The two sets of actin and myosin filaments have opposite 
polarity to each other in the sense that when they interact 
with each other to produce contraction, the actin filaments 
on each side of the sarcomere are drawn unidirectionally 
along the myosin filaments towards t~e centre of the 
sarcomere . In cross-section, it is evident that the 
actin filaments are arranged in a hexagonal array 
surrounding the myosin filaments (Fig. 1). 
Contraction of muscle takes place due to synchronous 
shortening of sarcomeres. As indicated above, this 
shortening is caused by sliding of the actin filaments 
over the myosin filaments. The mechanical force for 
sliding is generated by a series of changes: 
1 
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FIGlJRE 1. Lir:e cL-:1,;:;in~ of a striated muscle sarcomere. Fror:i ±c t:-o_ 
longitudnal ~uicn of a:i extended sa.rcomere, cross section through a r-:g:.on o: 
thick and thin fib ..,-;-iem overlap, longitudinal section of a cont;acted sarco=iere. 
,.,,,• 
(i) attachment of the heads of the myosin 
molecules to the actin filaments; 
(ii) a conformational change in the myosin 
heads which exerts an active shearing 
force between the two sets of filaments; 
(iii) subseque ntly, detachment of the 
myosin heads from the actin filaments, 
these heads reverting to their original 
'relaxed' position before the cycle is 
repeated. 
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The energy for muscle contraction comes from the 
hydrolysis of ATP, this being catalysed by an actin-activated 
ATPase located in the head of the myosin molecule. 
Regulation of skeletal muscle contraction is achieved 
through a rev~rsible inhibition of the actin-myosin 
interaction by the regulatory proteins tropomyosin and 
troponin. These proteins block the binding of myosin to 
actin when the ca 2+ level is below l0- 7M. When its 
. . b 10-s 2+ b ' d t t . concentration rises a ove M, Ca ins o roponin 
and the inhibitory effect of the troponin-tropomyosin 
complex on the actin-myosin interaction is removed 
(reviewed by Gergely, 1976). 
A possible analogy between muscle contraction and 
non-muscle cell motility (Huxley , 1963) encouraged 
inve stigators to look for actin and myosin in various t ypes 
of non-muscle cells. 
Properties of Non-muscle Actin 
There is a wealth of biochemical and ultrastructural 
11 
information available about actin isolated from non-muscle 
cells (reviewed by Pollard and Weihing, 1974; Clarke and 
Spudich, 1977; Korn, 1978). Actin has bee n found in 
various non-muscle cells and it is considered to be one 
of the major cellular proteins, comprising some 5-10 % of 
the total protein content of most cells (Pollard and 
Weihing, 1974). The following are a few examples of 
actin-containing non-muscle cells illustrating what appears 
to be a ubiquitous presence of actin in eukaryotes: 
Cell Source 
Acanthamoeba 
Physarum 
Dictyostelium 
Chara 
Limulus sperm 
Human erythrocytes 
Human blood platelets 
Rabbit macrophages 
Rat brain tissue 
Cultured chick 
embryo fibroblasts 
Tumour cell line 
Reference 
Gordon, Eisenberg and Korn (1976) 
Owaribe and Hatano (1975) 
Cooke e t al. (1976) 
Williamson (1974) 
Tilney (1975) 
Sheetz, Painter and Singer (1976) 
Gallagher, Detwiler and 
Stracher (1976) 
Hartwig and Stossel (1975) 
Le Beux and Willemot (1975) 
Yang and Perdue (1972) 
Bray and Thomas (1975) 
Gabbiani, Trenchev and 
Holborow (1975) 
The non-muscle actins purified from various tissues 
are similar to their muscle counterparts in most physical 
and chemical properties (reviewed by Pollard and Weihing, 
1974). These properties include : 
(i) Apparently identical molecular weight, 
(~42 ,000 daltons); 
(ii) Ability to form characteristic double 
helical filaments of 5-7 nm in diameter; 
(iii) Ability to bind HMM to give arrowhead 
complexes; 
(iv) Formation of paracrystalline arrays 
when the Mg 2+ level is increased above 
~15 mM; 
(v) Ability to specifically activate myosin 
ATPase. Here, however, there appears to 
be some difference because the level of 
activation by non-muscle actins is 3-5 
times less than that of muscle actin; 
(vi) All actins contain the amino acid 
NY-methylhistidine (Clarke and Spudich, 1977). 
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Although there are a large number of similarities, there 
are several differences between actins of muscle and 
non-muscle origin. These include: 
(i) Peptide mapping has shown that actins from 
different sources (e.g. brain, heart, platelets 
muscles) differ from each other by at least 
one amino acid. The work of Storti and 
Rich (1976) appears to show that different 
genes are involved in the synthesis of actin 
in different tissues. 
(ii) Two dimensional gel electrophoresis has 
shown that actin can be distinguished 
into a , 8, and y types with slightly 
different isoelectric points (Lazarides 
and Balzer, 1977). Skeletal muscle 
actin is of the a type. y-actin is 
present in chicken gizzard smooth muscle. 
Most of the non-muscle cell types contain 
various proportions of both Sandy actins. 
(iii) Bray and Thomas (1976) found that 
when actin from chick embryo fibroblasts 
is released by gentle procedures, nearly 
50% of it failed to polymerize under 
conditions known to completely polymerize 
muscle actin. 
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Despite these minor differences, the structural and 
functional similarities which exist amongst various actins 
are remarkable and it appears that the actin molecule is 
one of the most highly conserved molecules in nature 
(Clarke and Spudich, 1977). 
Properties of Non-muscle Myosin 
Although the list is not as extensive as for actin, 
myosin has been found in a great variety of non-muscle cells. 
The quantity of myosin in non-muscle cells is very low 
( 0. 3-1. 5 % of total cell protein) (Pollard and Weihing, 197 4) . 
Thus the molar ratio of myosin to actin in non-muscle cells 
is ~1:100 (cf. skeletal muscle where the ratio is 8:1). 
The following are a few examples of cells from which myosin 
has been purified: 
1,,•,' 
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Cell Source Reference 
Physarum 
Acanthamoe ba 
Kessler, Nachmias and Loewy (1976) 
Pollard et al. (1976) 
Cultured cells 
(fibroblasts) 
Rabbit macrophages 
Human platelets 
Secretory tissue 
(hog salivary and 
pituitary glands) 
Rat brain 
Ostlund, Pastan and Adelstein 
(1974) 
Stossel and Hartwig (1976) 
Niederman and Pollard (1975b) 
Ostlund, Leung and Kipnis 
(1978) 
Burridge and Bray (1975) 
Non-muscle myosins share with muscle myosins many 
essential functional and structural properties (Pollard and 
Weihing, 1974; Clarke and Spudich, 1977). 
follows: 
These are as 
(i) All _myosins have an inhe .• .:ent ATPase activity 
which is stimulated by actin; 
(ii) They all bind physically to actin filaments, 
as demonstrated by electron microscopy and 
viscosity measurements; 
(iii) With the exception of Acanthamoeba myosin, 
all myosin molecules are composed of two 
heavy polypeptide chains, each having a 
molecular weight of about 200,000 daltons 
(200K) and two light chains of about 21K 
and 17K; 
(iv) Under physiological ionic conditions, 
purified myosin from non-muscle cells 
will form bipolar thick filaments in vitro; 
(v) The sizes and ·shapes of individual molecules 
of non-muscle myosin closely resemble 
those of skeletal muscle myosin (Elliott, 
Offer and Burridge, 1976). 
15 
These similarities are accompanied by some differences 
between myosins of muscle and non-muscle cell origin. 
These differences are: 
(i) Even though the non-muscle myosin-ATPase 
activity is stimulated by actin, the 
increase in activity is only ~10-fold 
compared with skeletal muscle myosin, 
where the increase is ~so-fold; 
(ii) The molecular weights of myosins 
from different non-muscle cells are 
similar but not identical. For example, 
i~ the case of Acanthamoeba, the 
molecular weight of myosin is only 
180,000 daltons (cf. skeletal muscle 
myosin's molecular weight of 500,000 daltons); 
(iii) Burridge (1976), studying the cleavage 
pattern of various myosins by cyanylation, 
found that myosins can be grouped into six 
types (on the assumption that the cleavage 
pattern reflects true differences in the 
primary sequence). He attributed the 
difference between brain and platelet 
myosins to the different motility 
behaviour appropriate to neurones and 
platelets. 
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The functional significance of these differences 
between myosins is not y e t clearly known. However, it is 
known that there are significant differences even between 
myosins derived from various types of muscle (e.g. 'fast' 
and 'slow' contracting muscles (Barany and Close, 1971)). 
Accordingly, it is not surprising that there are notable 
differences between the muscle and non-muscle myosins and 
also between the non-muscle myosins themselves, depending 
on the type of cell. Nevertheless, the evidence that 
myosin is involved in the active force-generating 
mechanism for the movements of non-muscle seems altogether 
convincing (Pollard, 1976b). 
Localization and Form Determination of Contractile Proteins 
in Non-muscle Cells 
Apart fr~m the characterization of isolated actin and 
myosin, the other important step which must be taken to 
support the concept of an acto-myosin based contractile 
system in non-muscle cells is the localization and the 
determination of the form taken by actin and myosin within 
these cells. Compared with the wealth of biochemical and 
ultrastructural information available about isolated actin 
and myosin from non-muscle cells, relatively little progress 
has been made in this field. This may be due in part 
to the lack of a relatively stable and highly organized 
struc ture such as the sarcome re found in striate d muscle. 
Anyone expecting to find in non-muscle cells a structural 
organization of actin and myosin directly comparable to 
that of skeletal muscle should bear in mind the pronounced 
differences in the character of the movements exhibited 
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by muscle and non-muscle cell types (Buckley and Raju, 
1976). One would then expect these motility function 
differences to be based on a markedly different structural 
arrangement of the prime motility proteins. 
(a) Localization of aatin filaments: Attempts have 
been made to localize cellular actin in situ using four 
different approaches: 
(i) Morphological comparisons, that is, 
attempting to identify F-actin filaments 
in non-muscle cells purely on the basis 
of morphological characteristics, 
especially that of filament diameter in 
relation to that of the thin actin-
containing filaments of skeletal muscle. 
(ii) Trepting glycerinated cells with 
heavy meromyosin (HMM) to see which 
filaments label with HMM (Ishikawa, 
Bischoff and Holtzer, 1969). 
(iii) Immunofluorescence localization 
of actin filaments, using fluorescein-
labelled actin-specific antibodies 
(Lazarides and Weber, 1974; Lazarides, 
1976) or fluorescein-labelled HMM 
(Goldman, 1975; Herman and Pollard, 
1978). 
(iv) Ultrastructural observation of cells 
treated with low ionic strength (actin 
depolymerizing) solutions (Pollard and 
Weihing, 1974). 
.. 
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Of the four techniques, HMM labelling and 
immunofluorescence antibody staining have been widely 
applied. HMM labelling studies have been conducted in 
different types of tissue cells such as macrophages, 
platelets, fibroblasts, epithelial cells, neurones, eggs 
and sperrnatocytes (for review, see Pollard and Weihing, 
1974). To date this is the most specific histochemical 
technique for actin identification. The 
immunofluorescence studies have been extremely valuable in 
providing an overview of the intracellular distribution 
o f actin. However, their precision in localizing proteins 
is limited to the resolution limits of the light microscope. 
(b) Localization of myosin: Localization of cellular 
myosin in situ has always met with problems because of the 
low concentrat~ons of myosin within non-muscle cells 
(Pollard et al.~ 1976). Attempts to identify myosin 
within the cells have been carried out using the following 
approaches: 
(i) Direct observation of fixed sectioned 
cells, aiming to find bi-polar myosin 
thick filaments (Niederman and Pollard, 1975). 
(ii) Immunocytochemical localization using 
myosin-specific antibodies (Weber and 
Groeschel-Stewart, 1974; Fujiwara and 
Pollard, 1976). 
Bi-polar thick filaments have been reported in only 
a very few cell types and in a number of instances, these 
cells were specially pre-treated before fixation (reviewed 
by Pollard et al., 1976). These authors also remarked 
thatbi-polarmyosin filaments in non-muscle cells are 
few in number and small in size and are therefore very 
difficult to identify positively within the cytoplasm. 
With respect to the irnmunofluorescence approach, 
even though the techniques can be highly specific, the 
accuracy of localization is severely limited by the 
resolving power of the light microscope. 
Thus, overall, the knowledge we have on the 
ultrastructural localization of actin and (to a greater 
extent) myosin is limited. In the case of F-actin 
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(the filamentous form of which is necessary for an 
actin-myosin shear force-generating system), its distribution 
appears limited to the submembranous cortical bundles in 
well spread cells and to the submembranous filamentous 
network in rounded cells (Goldman et al., 1976). Such 
a distribution could not explain the movements that take 
place in the deeper regions of the cytoplasm involving 
changes in cell shape and organelle movements. As 
mentioned earlier, in the case of myosin localization the 
situation is worse since it is still unclear what form 
myosin takes in non-muscle cells. 
Accordingly, there is a need for a thorough 
ultrastructural investigation to determine the form taken 
by F-actin and myosin within non-muscle cells and, broadly 
speaking, this thesis is intended to fulfil this need. 
Specific Aims of this Thesis 
(1) To study the three dimensional architecture of 
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cultured non-muscle cells in order to understand the form 
and distribution of the filamentous elements which are 
topographically related to the moving parts of the cells. 
(2) To study the distribution of F-actin within non-muscle 
cells. 
(3) To study the form and distribution of myosin in 
non-muscle cells. 
Technical Approaches 
To achieve these aims the following approaches were 
taken: 
(1) The three dimensional arrangement and distribution of 
filaments within non-muscle cells were studied by using 
improved metho9s of fixation and critical-point drying 
in conjunction with stereoscopic viewing of stereo pairs 
of electron micrographs (Buckley and Raju, 1976). 
(2) The distribution of F-actin was examined by: 
(i) HMM labelling of glycerinated cells 
using conventional methods (Ishikawa, 
Bischoff, and Holtzer, 1969) as well as 
a modified HMM labelling procedure developed 
by Buckley, Raju and Stewart (1978). 
(ii) The selective depolymerization and 
extraction of actin-containing filaments 
from cells using DNAase I, a highly 
specific actin-depolymerizing agent. 
(iii) Comparing the fine structure of the 
filamentous system of cells with purified 
actin from skeletal muscle, polymerized 
and subjected to the same treatments 
(mentioned in (i) and (ii) above) 
applied to cells. 
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(3) The form and distribution of myosin was studied by: 
(i) Glycerinating and extracting the cells 
with myosin-extracting solutions to 
determine which structures normally 
associated with actin filaments were 
removed from the myosin-extracted cells. 
(ii) Studying the structure of purified 
molecules of muscle myosin and myosin 
synthetic thick filaments processed 
f0r e~ectron microscopy by the same 
procedure used to study the cells. 
(4) A preliminary analysis of chicken gizzard smooth muscle 
intermediate filaments was also undertaken to see whether 
there is any similarity in the intermediate filaments of 
chick embryo connective tissue cells and chicken gizzard 
smooth muscle cells. 
Experimental Model 
Cultured chick embryo connective tissue cells of the 
fibroblastic type were selected as an experimental model 
because: 
(1) They are non-muscle in type . 
(2) They are highly active in culture, exhibiting prolific 
cellular and subcellular movements. 
(3) These cells spread out well in culture and hence 
· it is easy to study the ultrastructure in most areas of 
the cell, even in whole mount preparations. 
(4) The cells are easy to culture. One needs only 
small quantities of material and short incubation times. 
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CHAPTER 2 - MATERIALS AND METHODS 
The various experiments conducted for this thesis 
involved studies on chick embryo connective tissue cells 
in culture, rabbit skeletal muscle and chicken gizzard 
smooth muscle. Microscopical and gel electrophoretic 
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techniques were common to all three. Hence this chapter 
is divided into 4 main categories covering each of the 
above and further subdivided as shown in the following: 
Techniques related to Cultured Chick Embryo Connective 
Tissue Cells 
(a) Culturing of cells; 
(b) Examination of normal cells; 
(c) Glycerination; 
(d) Myosin extraction; 
(e) .Heavy meromyosin (HMM) labelling of cells; 
(f) DNAase I treatment of cells. 
Techniques related to Actin and Myosin Isolated from 
Rabbit Skele tal Muscle 
(a) Preparation of acetone-powder of actin; 
(b) Purification of actin from acetone-powder; 
(c) Isolation and purification of myosin; 
(d) Preparation of heavy meromyosin; 
(e) Model experiments with actin and myosin. 
Techniques related to Chicken Gizzard Smooth Muscle 
(a) Isolation of intermediate filaments; 
(b) DNAase I treatment of intermediate filaments; 
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(c) Trypsin treatment and HMM labelling of intermediate 
filaments. 
Microscopical and Gel Electrophoretic Techniques 
(a) Light microscopy; 
(b) Electron microscopy; 
(c) Sodium dodecyl sulphate (SDS) polyacrylamide 
gel electrophoresis. 
Techniques r e l a t e d to Cultured Chick Embryo Connective 
Tissue Ce lls 
(a) Cu lturing of ce lls: The culturing of chick embryo 
connective tissue cells was carried out in c hambe rs 
similar to those describe d by Rose et al . (1958). The s e 
chambers are well suited for the light microscopic study 
of the prima ry cultures of embryonic cells used in the 
present studies. 
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1. Rose Chamber: As shown in Fig. 1, the Rose 
chamber is a sandwich-type assembly consisting of two metal 
plates enclosing a glass coverslip on which cells grow, a 
silicone rubber gasket which, acting as a spacer, provides 
a well for culture medium and a very thin polystyrene 
coverslip through which the respiratory gases, oxygen and 
carbon dioxide, can diffuse. The metal plates were 
machined from brass and electropla~ed with nickel. The 
gaskets were cut from 1/8" thick sheets of non-toxic 
translucent silicone rubber (RWAY Synthetic Producers 
Div., Reise Manufacturing Corp. Little Falls, N.J., U.S.A.). 
The glass coverslips were 38 x 38 mm, No 2 thickness 
(Chance Bros. Ltd., Birmingham, England) and were either 
formvar-coated or formvar-and carbon-coated as described 
below. The gas-diffusible coverslips were cut from a 
0.01" thick polystyrene sheet ('Polyflex', Sidaplex, 
Gentbrugge, Belgium). The components of this assembly 
(metal plates, coated glass coverslips, silicone rubber 
and poly s t y r e ne cove rslips) were assemble d in that orde r 
and clamped togethe r with six screws(Fig. 1). 
2. Formvar and Carbon Coating of Glass Coverslips: 
The glass coverslips were coated with 0.7% (w/v) formvar 
,,,' 
Fig. l:A dismantled Rose chamber showing the two metal 
plates, glass coverslip, on which cells grow, a 
silicone rubber gasket , which, acting as a spacer, 
provides a well for culture medium and a very thin 
polystyrene coverslip through which respiratory 
gases, oxygen and carbon dioxide, can diffuse. 
Fig. 2:The culture medium and isolated cells were injected 
into the chamber, using needles of 20 gauge size 
passed through the silicone rubber. 
2 
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in chloroform. This coating was carried out by 
individua lly dipping pre viously washe d a nd he at-sterilize d 
covergla sses in the formvar solution for 5-10 secs be fore 
withdrawing them and allowing excess solution to drain 
off. During this process care had to be taken to preve nt 
trapping of moisture by the formvar as it cooled during 
drying, as this resulted in cloudy films. This was 
achieved by holding the circular end of a heated brass 
block close to the glass coverslip as soon as it was 
taken out from the formvar solution. To prevent 
unwanted separation of the formvar film from the coverslip 
over the area covered by the silicone rubber gasket, 
a heated brass ring was placed over the outer margins 
of the coated coverslip for 1-2 secs. This did not 
affect the subsequent stripping of formvar from the 
central area ~overed by cultured cells. When required, 
formvar-coated coverslips were given a carbon coating 
using a Dynavac High Vacuum Coating Unit, Model CE 
12/14S (Dynavac Pty. Ltd., Victoria, Australia). By 
experience it was found that an adequate coating of carbon 
(~4-5 nm thick) was obtained if carbon evaporation was 
carried out at 10- 6 mm Hg using a current of 30-50 mA 
for a duration of 1.5 mins. To produce an hydrophilic 
carbon surface, the carbon-and formvar-coated coverslips 
were glow discharged for 5 mins using the same machine. 
3 • Pre pa r a tion of Cul t ure Me dium: Ham's nutrie nt 
mixture F-12 (Grand Island Biological Company (GIBCO) ., 
Grand Island, New York, USA) instant culture medium 
powder was used to prepare the culture medium. The 
contents of one packet were dissolved in one litre of 
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glass-distilled water at room temperature using a 
magnetic stirrer. To this was added 0.5 ml of a 5% 
stock antibiotic solution (25 mg each of benzyl penicillin, 
streptomycin sulphate and neomycin sulphate dissolved in 
500 ml deionized water). The pH of the medium was 
adjusted to 7.0 with 1.4 % NaHco 3 . When the medium was 
completely dissolved, stirring was stopped and the 
medium was filtered through a 0.45µ millipore filter and 
stored at 4°C in 90 ml lots in milk dilution bottles. 
When required for use, 10 ml of foetal calf serum 
(Commonwealth Serum Laboratories, Victoria, Australia) 
was added to 90 ml of medium. This culture medium 
(complete with serum) was warmed to 37°C in a water bath 
before being used for culture. 
4. Culturing Techniques: Cultures were made from 
10-12 day old chick embryos. Working with a laminar flow 
hood (Clemco Ultraviolet Products, Artarmon, N.S.W., 
Australia) and using aseptic techniques, the egg air-
space was entered and the whole embryo was transferred 
to a Petri dish. The embryo was immediately decapitated 
and the head discarded. This was followed by removal 
of limbs and skin. The decapitated embryo was immersed 
in 10 ml of Hank's Balanced Salt Solution (HBSS) at pH 7.0 
Using a dissecting microscope, fine pointed pairs of 
forceps and scissors, the embryo was eviscerated and 
the remaining tissue was transferred to a beaker and 
minced finely with small scissors. The minced tissue 
was then transferred to a 50 ml flask containing 0.2% 
trypsin ((DIFCO Laboratories, Detroit, Michigan, U.S.A.); 
prepared as a 10% stock in 0.8% NaCl, 0.04% KCl, 5% 
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glucose, 0 . 006% NaHP0 4 and 0.006% KH 2Po 4 ) in 10 ml 
of HBSS. Then the flask was gently agitated for 20 mins 
using a shaker kept in a 37°C warm room. This helped 
the trypsin to penetrate the tissue fragments and loosen 
the cells effectively. Following trypsin treatment, 
the contents of the flask were transferred to a sterile 
15 ml graduated centrifuge tube. Once the fragments 
settled, the supernatant trypsin solution was withdrawn 
gently with a syringe without disturbing the fragments, 
and replaced by 10 ml of culture medium at 37°C . Using 
a 20 ml syringe and 14 gauge needle with a blunt tip , 
the fragments, suspended in this complete culture medium, 
were very gently aspirated back and forth through the 
needle. Doing this slowly, while keeping_ them 
continually suspended to avoid compression from crowding 
within the needle and crushing between the end of the 
plunger and barrel of the syringe, the tiny tissue fragments 
were progressively reduced to smaller and smaller clumps 
over a period of 2 mins. As soon as a good yield of 
cells and microscopic clumps was obtained (indicated by 
the cloudiness of the suspension) the aspiration was 
stopped. The large unbroken fragments were allowed to 
settle to the bottom of the tube. The supernatant medium, 
containing cells and tiny cell clumps, was then drawn into 
the same syringe and transferred to a graduated centrifuge 
tube a nd c e n trifuga t i o n wa s c a rri e d out a t low s peed 
(1 , 000 r e v/min) in a MSE 'Minor ' bench top centrifuge for 
4 mins, just sufficient to bring down the microscopic 
clumps and most of the intact cells. The supernatant, 
which contained mostly cell debris and few cells, was 
discarded and the pellet, composed of intact cells and 
cell clumps, was resuspended in 5 ml of fresh culture 
medium. The harvested cells were injected into the 
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cavities of Rose chambers which had already been filled 
with warmed (~ 37°C) culture medium. Needles of 20 gauge 
size were passed through the silicone rubber of the 
culture chamber for injecting the medium as well as the 
cells (Fig. 2). Once chambers were seeded with cells 
they were stored, coverglass down, in a thermal incubator 
adjusted to 37°C, for 24 hours until the cells had 
adhered to and spread thinly on the formvar or formvar-
and carbon-coated glass coverslip. A gas phase suitable 
for the culture was provided by gassing the incubator 
continuously with 5% co2 in air. 
(b) Examinat~on of normal cells: After 24 hours of 
culturing, the Rose chambers were taken out from the 
thermal incubator and observed under a phase contrast 
light microscope (for light microscopy, see p.47). To 
obtain a clear view of the cells, the formvar from the 
outer surface of the glass coverslip was removed. Chambers 
containing a suitable concentration (neither too sparse 
nor too dense) of well spread healthy cells were selected 
for further use. The ultrastructure of normal cells 
was studied by critical-point drying (see p.48 in this 
chapter). 
(c) Glycerination: Glycerination of cells in the 
presence of the standard salt solution of Huxley (1963) 
or of a modification of this (see below) was carried out 
for the following purposes: 
(i) To make the plasma membrane of cells 
permeable so that organelles and soluble 
proteins would diffuse out. 
(ii) To enable extracting solutions (e.g. 
myosin-extracting solution) to permeate 
the cells and, where applicable, 
(iii) to label the residual filaments with 
heavy meromyosin (HMM). 
1. Glycerol-salt solutions used: The glycerol/ 
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standard salt solution mixture contains equal volumes of 
glycerol (analytical grade, BDH Chemicals Ltd., Poole, 
England) and either Huxley's (Huxley, 1963) standard salt 
solution (0.lM KCl, lmM MgC1 2 and 6.7mM potassium phosphate 
buffer, pH 7.0, at 4°C) or a modified standard salt solution 
containing more magnesium. This was: O.lM KCl, SmM 
MgC1 2 and 6.7mM potassium phosphate buffer, pH 7.0, at 4°C. 
Later it was found that the use of either 10-20mM 
Imidazole-HCl or SmM Tris-HCl buffers at the same pH 
(instead of the phosphate buffer) gave equivalent results. 
2. Glycerination procedure: The cells were 
glycerinated after 18-24 hours of culturing, when light 
microscopic examination showed that they were well spread 
out and healthy. The culture medium was aspirated from 
the chamber and replaced immediately with pre-cooled (4°C) 
glycerol-salt solution. Extraction was carried out for 
a period of 24 hours at 4°C. In some experiments, 
following this initial extraction with 50 % glycerol, the 
cells were extracted with 25%, 12.5% and 5% glycerol in 
standard salt solution for 12 hours, 5 hours and 5 hours 
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respectively (Ishikawa, Bischoff and Holtzer, 1969). The 
glycerinated cells were again examined by light microscopy 
and only those chambers which still had well spread cells 
were selected for further uses, such as myosin extraction, 
HMM-labelling and DNAase I extraction. The ultrastructure 
of glycerinated cells themselves was studied either by 
critical-point drying or negative staining (see p.48 and 53 
in this chapter). 
(d) Myosin extraction : As an aid to elucidating the 
localization and form determination of myosin in cultured 
chick embryo connective tissue cells, extraction of 
myosin from the cells was carried out. The extraction 
procedure is based on the uncoupling of myosin from 
actin using pyrophosphate, thereby enabling myosin 
molecules to diffuse out of the cell. 
The myosin extraction was carried out as a 'one-step' 
or a 'two-step' procedure. In the 'one-step' myosin 
extraction, glycerination and myosin separation were 
carried out at the same time. In the 'two-step' myosin 
extraction procedure, the cells were glycerinated in the 
presence of standard salt solution as described earlier 
(see p.31) and then extracted with the pyrophosphate-rich 
myosin extracting solution. 
1. Composition of myosin extracting solution: 
50% or 15-20 % Glycerol 
30mM Pyrophosphate 
(to uncouple myosin 
from actin ) 
50% in the 'one-step ' 
myosin extraction procedure, 
or 15-20 % in the 'two-step ' 
myosin extraction 
procedure. (to render the 
cells permeable) 
• ' 
O.SmM DTT (Dithiothreitol) 
(to protect the thiol groups) 
0.7mM MgC1 2 (to preserve the F-actin 
filaments) 
lOmM Potassium phosphate buffer, 
pH 7.0 at 4°C. 
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2. Experimental procedure: In the 'one-step' myosin 
extraction, the culture medium of a 24 hour cell culture 
was aspirated from the culture chamber and replaced with the 
myosin-extracting solution pre-cooled to 4°C. The 
chambers were stored at 4°C for varying lengths of time, 
from 2 hours to several days. 
In the 'two-step' myosin extraction procedure, the 
culture medium from the chamber was replaced with glycerol-
standard salt solution and the cells were glycerinated as 
described earlier (see p.30) for 24 hours at 4°C. 
Following glycerination, the cells were extracted for 
myosin by replacing the glycerol-standard salt solution 
with the myosin-extracting solution. 
carried out for 24 hours at 4°C. 
The extraction was 
After extraction, the chambers were dismantled and 
the cells thoroughly washed by rinsing the coverglass 
through Petri dishes of the extractin; solution (without 
glycerol and pyrophosphate). Fixation and critical-point 
drying or negative staining was carried out as described 
below (see p.48 and 53 in this chapter). 
(e) Heavy meromyos~n (HMM) ZabeZZing of ceZZs: 
1. Without trypsin pre-treatment: HMM was obtained 
from myosin using the procedure of Lowey et aZ . (1969) (for 
details of preparation see p.41 in this chapte r). 
34 
Either 
glycerinated, or glyce rina t e d / myos i n-extracte d cells we re 
used for HMM-labelling. Before use the culture chambe r 
was dismantle d and the coverglass with attached c e lls was 
washed in small Petri dishes, using 3-4 changes of 
standard s a lt solution (SSS) (Huxley, 1963). For HMM 
labelling, the SSS was drained off the coverglass and 
several drops of the stock HMM solution were applied 
directly to the cells. The treated cells were then 
stored at 4°C within a covered Petri dish (to prevent 
drying) for 12-24 hours. At the end of this period, the 
cells were washed for 10-15 mins in several changes of 
ice-cold SSS to remove glycerol and excess HMM. After 
washing, the cells were fixed and negatively stained 
(see p.53 in this chapter). 
2. With trypsin pre-treatment: Glycerinated, 
myosin-extracted cells were treated with trypsin (TPCK 
253U/mg) (Worthington Biochemical Corp., Freehold, N.J., 
U.S.A.) at a concentration of Sµg/ml made up in 50% 
glycerol/SO % SSS. The original solution from the culture 
chamber was aspirated and replaced by the trypsin solution. 
The trypsin treatment was carried out for 1-3 hours at 20°C. 
Higher concentration of trypsin or significantly longer 
times (e.g. >5 hours) resulted in the destruction of all 
filame nts. When the trypsin treatment was finished, the 
culture chambe r was d i smantle d and the coverglass with 
attached c e lls was washed in small Petri dishes, using 
3-4 changes of 50 % glycerol/SO % SSS at 4°C. To ensure 
adequate washing away of the trypsin, the cells were left 
in the final Petri dish for 1 hour. HMM labelling and 
electron microscopic procedures were carried out as 
in the previous case (i.e. HMM labelling without trypsin 
pre-treatment). 
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(f) DNAase I treatment of cells : DNAase I treatment was 
carried out on either glycerinated, or glycerinated/myosin-
extracted cells. The culture chamber was dismantled and 
the coverglass with attached cells was washed in SSS and, 
while still immersed, small round areas of formvar were 
stripped from the coverglass, floated cell side down on 
the surface of the solution and grids applied (for details 
of application of grids, see p.49 in this chapter). 
Treatment with DNAase I was carried out by floating the 
grids, cell side down, on droplets containing 2 mg/ml of 
DNAase I (type DN-CL) (Sigma Chemical Company, St. Louis, 
Mo., U.S.A.) i~ SSS, placed on sheets of parafilm in a 
moist chamber. Cells were treated with DNAase I for 
2 hours at room temperature followed by overnight at 4°C. 
Control cells were treated in an identical manner, except 
that they were floated on droplets of SSS which did not contain 
any DNAase I. The cells were washed in SSS for 30 mins prior 
to fixation and negative staining or critical-point drying (for 
details of electron microscopic procedures, seep. 48 and 53 
in this chapter). 
T~chniques Related to Actin and Myosin Isolated from 
Rabbit Skeletal Muscle 
(a) Preparation of acetone-powder of actin: The 
purification of actin can be divided into two stages. 
The first stage involves preparation of an acetone-
powder which can be stored for up to several months. 
The second stage involves further purification of 
acetone-powder to obtain homogeneous actin. 
1. Killing and skinning the rabbit: The rabbit 
was held firmly face-down on an operating table with 
front and hind limbs pulled apart by an assistant. 
Holding the ear lobes with the left hand, a couple of 
firm and swift blows were given to the back of the 
rabbit's neck to stun the animal. The stunned animal 
was killed by incising the carotid arteries. The body 
of the aEimal _was pressed intermittently to pump out as 
much blood as possible. 
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A shallow incision was made circumferentially around 
the trunk and the skin progressively reflected. To 
facilitate removal of the skin from the hind limbs, 
incisions were made around both legs at the ankle. 
2. Isolation of back and leg muscles: After skinning, 
the animal was laid on the operating table. Two long 
incisions were made close to the vertebral column on 
either side. The back muscles were cut from their 
anterior attachments and, by working the scalpel (with 
a sharp blade) close to the vertebral column and ribs, 
the whole muscles were isolated and freed from their 
posterior attachments. Immediately the muscles were 
wrapped in plastic 'Glad wrap' and immersed in a bucket 
of crushed ice crystals. The muscles were stripped of 
connective tissue as far as possible during isolation. 
A median incision was made on the thigh o n both sides 
and the leg muscles were pulled by hand and freed from 
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their attachment sites. As far as possible all the white 
muscles were isolated omitting the red muscles. The leg 
muscles were also wrapped in plastic and immersed in the 
bucket of ice. The muscles were removed from the ice 
bucket after 30 mins and placed on a glass plate. The 
remaining connective tissue was completely removed from 
the muscle. Cooling the muscles helped the process of 
removing the connective tissue. The trimmed muscle 
pieces were minced once with a pair of scissors and 
wrapped in plastic and weighed. 
3. Extraction with Guba-Straub myosin-extracting 
solution: The minced muscle pieces were extracted with 
3 volumes of freshly prepared Guba-Straub's myosin-
extracting solution. This consists of 0.3M KCl, 
.. 
0 . 15M potassium phosphate buffer at pH 6.5 (Szent-Gyorgyi, 
1947). The contents were stirred using a glass rod 
during extraction, which was carried out for 30 mins . 
The extracted muscle fragments were filtered through 
double folds of cheese cloth using a large funnel. The 
filtrate was saved for myosin. Gentle rocking of the 
cheese cloth spe eded up the filtration. The residue, 
conta ining a c t in, was transfe rre d to a 5 litre beaker. 
4. Second extraction: The residue was suspended 
in 5 volumes of a freshly prepared solution of 0 . 4% 
NaHC0 3 , O. lmM cac1 2 made up in ice-cold glass distilled 
water. The contents were stirred continuously for 
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30 mins. Filtration was carried out as in the previous 
case using the same cheese cloth. 
5. Third extraction: The residue was transferred 
to a 10 litre beaker and extracted for 10 mins with 
1 volume of ice-cold lOmM NaHC0 3 , lOmM Na 2co3 , O.lmM CaC1 2 
(freshly prepared) and stirred for 10 mins. Rapid dilution 
with 10 volumes of glass-distilled water (ice-cold) 
followed. Then the contents were filtered through the 
same cheese cloth used for the previous filtrations. The 
filtrate was discarded and the residue saved. 
6. Acetone extraction: The residue was suspended 
at room temperature in 2 volumes of ice-cold acetone 
and stirred occasionally for 30 mins. The contents were 
filtered and the residue resuspended again in fresh 
ice-cold acetone. This procedure was repeated twice. 
Finally, - the dehydrated residue (acetone powder) was 
spread over a large filter paper sheet placed on a glass 
plate and allowed to dry overnight. 
powder was stored at -20°c. 
The dried acetone 
(b) Pur i f ication o f a c t in fr om ac et one - powder: The 
.. 
method of Kendrick-Jones, Lehman and Szent-Gyorgyi (1970) 
was followed to purify actin from acetone powder. Actin 
purified by this method is totally free of tropomyosin 
which occurs as a common contaminant in other methods 
(Rees and Young, 1967; Spudich and Watt, 1971). 
1. Extraction of acetone powder with low ionic 
strength actin-extracting solution: A known quantity of 
acetone powder was extracted for 10 mins with 20 volumes 
of an ice-cold actin-extracting solution consisting of 
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0.1 mM ATP, 0.1 mM Ca 2+ and 2 mM Tris pH 8.0. The contents 
were stirred occasionally using a glass rod. It is 
essential that the acetone powder is visibly swollen by 
the end of this extraction. The contents were filtered 
through the sintered glass funnel of a millipore filter 
using moderate suction. The residue was washed with the 
same extracting solution. The filtrate was clarified by 
spinning at 45,000 g for 1.5 hours. 
2. Polymerization of actin: The actin which was 
present in the G-form in the supernatant was polymerized 
to the F-form by the addition of KCl and MgC1 2 to bring 
their final concentrations to 10 mM and 0.7 mM respectively. 
This is a crucial step in the purification of actin because 
at this salt concentration only actin is polymerized and 
not tropomyosin. The polymerization was carried out 
first at r~om temperature for 30 mins and then at 4°C 
overnight. The polymerized actin was sedimented by 
spinning at 60-70,000 g for 4 hours at 4°C. The supernatant 
was removed and the tubes washed with a small quantity of 
30 mM KCl, 10 mM Imidazole-HCl, pH 7.0, to remove 
excess ATP. The actin pellet was suspended in 30 mM 
KCl, 5 mM Imidazole-HCl pH 7.0 and gently homogenized 
with a teflon-coated pestle. The actin was used within 
2-3 days. Thymol crystals were added to the F-actin 
solution to prevent bacterial growth. 
All the procedures were carried out at 4°C, unless 
mentioned otherwise. 
(a) Isolation and purification of myosin: Initial 
steps in the purification of myosin and the preparation of 
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acetone powder of actin are the same. The supernatant 
obtaine d after extraction of mince d mu s cle with Guba-Straub' s 
myosin-extracting solution was used for myo s in purification 
and the residue was used for the preparation of acetone-
powder of actin. 
1. Myosin precipitation: The myosin-rich 
supernatant was clarified at low speed centrifugation 
<~ 6,000 g) at 4°C for 2 hours. The clarified supernatant 
solution was transferred to a large glass beaker and 
diluted ten-fold (in the cold room) with ice-cold glass 
distilled water, adding the water slowly around the sides 
of the beaker. This resulted in precipitation of myosin. 
Myosin was allowed to precipitate further in the cold 
room overnight. 
2. Solubilization of myosin residue: The 
precipitated mi0sin was sedimented by low speed 
centrifugation <~ 6,000 g) at 4°C for 1 hour, and dissolved 
in a small quantity of 3M KCl by stirring. The dissolved 
myosin was then centrifuged at 4°C for 3 hours at 35,000 g. 
3. Dialysis and further purification: The 
clarified myosin solution was dialysed against 50 volumes 
of O.SM KCl and SmM potassium phosphate buffer, pH 7.0, 
at 4°c. After overnight dialysis, the KCl concentration 
of the dialysis solution was reduced to 0.3M by dilution. 
Dialysis was continued for 5 more hours. The dialysed 
myosin was clarified at 35,000 g at 4 °C for 24 hours. 
After centrifugation, the concentration of KCl in 
the myosin supernatant was raised from 0.3M to O.SM 
by the addition of solid KCl. An equal volume of 
ice-cold glycerol was then added to make the solution 
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50% (v/v). Then the stock myosin solution was stored 
in polythene containers at -15°C in a freezer. 
(d) Preparation of heavy meromyosin: Heavy meromyosin 
was prepared from myosin by tryptic digestion based on 
the method of Lowey e t al. (1969). A portion of the 
stock myosin in 50% glycerol (for details of preparation 
of myosin, see p.39 in this chapter) was dialysed against 
50 volumes of 30mM KCl, lOmM potassium phosphate buffer, 
pH 6.5, at 4°C overnight. The precipitated myosin was 
dissolved again by raising the ionic strength to 0.6M 
by the addition of solid KCl and the pH was brought to 
7.0. Then, trypsin (TPCK) (253U/mg) (Worthington 
Biochemical Corp., Freehold, N.J., U.S.A.) dissolved 
in lmM HCl (0.05%) was added to the myosin solution till 
a ratio of 1:1~0 by weight between trypsin and myosin was 
achieved. The contents were stirred and the digestion 
was carried out at room temperature for exactly 10 mins. 
Digestion was stopped by the addition of soy bean trypsin 
inhibitor (type I-S) (Sigma Chemical Company, St. Louis, 
Mo , U . S . A . ) . The final concentration of the inhibitor 
was twice that of trypsin. The contents were stirred and 
dialysed against 60mM KCl and lOmM potassium phosphate 
buffer overnight at 4°C. The HMM fraction was clarified 
by centrifuging at 55,000 g for 2 hours. To the 
clarified supernatant of HMM an equal volQ~e of glycerol was 
added and the HMM was stored at -20°C. 
(e) Mod e l experim ent s wi th ac t in and my osin: Model 
experiments involving studies on the ultrastructure of 
purified rabbit skeletal muscle actin and myosin by 
themselves or a mixture of both were carried out to 
compare with the fine structure of culture d chick embryo 
connective tissue cells in order to identify the various 
cytoplasmic filaments and their associated structures in 
terms of their contractile protein nature. Purified 
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F-actin filaments from skeletal muscle were also treated 
with HMM and DNAase I to compare with the results obtained 
from similar treatments of cytoplasmic filaments in the 
cells. 
The procedures used for the isolation and 
purification of contractile proteins from skeletal muscle 
have been described earlier. Protein samples were 
processed for ~lectron microscopy by either critical-
point drying or negative staining as described below (see 
pages 52 & 53 in this chapte~). 
1. F-actin Purified F-actin (see p.38 in this 
chapter) was dialysed against 50 volumes of O.lm.M ATP, 
O.lmM cac1 2 , lOm.M Imidazole-HCl, pH 7.0 at 4°C for 24 hours. 
During this process F-actin was depolymerized to G-actin. 
The G-actin was clarified at 70,000 g for 2 hours. 
G-actin was then polymerized by mixing equal volumes of 
a solution of G-actin and a solution of O.lM KCl and 20m.M 
Imidi zole -HCl buffer, pH 7.0. The polyme ri z ation was 
carried out on the surface of a formvar/carbon-coated 
coverglass for 15 mins at room temperature. The 
polymerized F-actin was either critical-point dried (CPD) 
or negatively stained. 
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2 . Mg 2+ paracrystals of F-actin: Mg 2+ 1 paracrysta s 
(Hanson, 1973) were formed by mixing e qual volumes of 
F-actin or G-actin and a solution consist ing of 50mM 
MgCl and lOmM Tris-HCl buffer pH 7.2. The paracrystals 
were immedi a t e ly stained with uranyl ace t a te b e fore 
examination with the electron microscope. 
3. Myosin monomers and synthetic myosin thick 
filaments: A small portion of purified myosin stock 
solution (stored in 50 % glycerol, 0.5M KCl, lOmM potassium 
phosphate buffer, pH 6.5, at -20°C) was dialysed overnight 
against 100 volumes of O.lM KCl, lOmM potassium phosphate 
buffer, pH 7.0 at 4°c. This allowed the formation of 
myosin thick filaments. Samples of these thick filaments 
were either negatively stained or CPD. 
To study the monomeric form of rnyosin, the stock 
solution of my0sin was dialysed against 0.5M KCl , lOmM 
potassium phosphate buffer, pH 7.0 for 4-6 hours at 4°C 
to remove glycerol . From this dialysed myosin solution, 
samples were taken and processed for electron microscopy 
by critical-point drying. 
4 . F-actin-myosin monomer interaction: F-actin 
and monomers of myosin (obtained from the purified stock 
myosin solution) were mixed at a ratio of 4:1 by protein 
concentration. The mixture was allowed to stand at room 
temperature for 10 mins before fixation and critical-point 
drying. 
5. HMM decoration of actin filaments: Purified 
HMM from rabbit skeletal muscle was stored as a stock 
solution in 50 % glycerol, 60mM KCl, lOmM Tris-HCl, 
pH 6.5 at -20°C (see p.41) . This stock solution of 
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HMM was use d either directly or after overnight dialysis 
against 60mM KCl , lOmM potassium phosphate buffe r, pH 6. 5 
at 4°C to remove the glycerol. HMM and F-a ctin were 
thoroughly mixed in a test tube, at a ratio of 5:1 by 
protein concentration. After 30 secs, the actin/HMM 
mixture was diluted with 2-3 volumes of 60mM KCl, 
potassium phosphate buffer , pH 6.5 . Then the actin-HMM 
complexes were examined by electron microscopy after 
2+ 
negative staining. The Mg paracrystals were also 
decorated with HMM and examined in the same manner . 
6 • DNAase I action on actin filaments: DNAase I 
prepared in standard salt solution (SSS) and F-actin were 
mixed at an equal molar ratio (3:4 by protein concentration) 
and mixed thoroughly. The mixture was kept at room 
temperature for 2 hours to examine the course of 
depolymerizat i on of actin filaments by DNAase I. As a 
control for this experiment, to an equal amount of F-actin 
from the same preparation, SSS without any DNAase I was 
added . The test and the control were processed 
simultaneously for electron microscopy by negative staining . 
2+ Mg paracrystals of F-actin were also treated with 
DNAase I in the same manner as described above for F-actin. 
In some cases the treatment was e x tended up to 6 hours 
at room temperature. Controls using the same batch of 
2+ Mg paracrystals of F-actin were carried out as described 
in the contro l s for DNAase I: F-actin experiments . 
Techn ique s Related to Chicken Gizzard Smooth Muscle 
(a) I s olation o f inte r mediate f ilament s: The procedure 
adopted h e re to isolate inte rmediate filaments is based 
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on the work of Small and Sobieszek (1977). 
1. Isolation and cleaning of ch i cken gizzards: 
For each experiment two chickens were sacri ficed. The 
gizzards were removed immediately, wrapped in 'Glad wrap' 
and placed on ice. After 30-45 mins, whe n the gizzards 
were ice-cold, fat from the surface was removed by wiping 
with tissue paper. Each gizzard was cut into two halves 
and the contents were emptied. Using a blunt scalpel 
the tough layer of connective tissue was peeled from 
the gizzard. This leaves clean lateral smooth muscle. 
2. Homogenization: Cleaned lateral muscles were 
washed in ice-cold standard salt solutions (SSS) (Huxley, 
1963) and coarsely minced with scissors. The minced 
muscle fragments were then vigorously homogenized in 10 
volumes of SSS at high speed for 1.5 mins in 15 sec 
bursts wi~h a _lO sec gap in between to avoid heating the 
muscle fragments. The entire process was carried out 
at 4°C. The homogenate was washed by centrifugation at 
low speed (~ 2,500 g) for 15 mins at 0-4°C. The residue 
was resuspended in SSS and centrifuged again. The 
supernatant solutions were discarded. 
3. HAMES extractions: The washed homogenate was 
extracted for 4 hours at 4°C with 5 volumes of high ionic 
strength acto-myosin extracting solution (HAMES) consisting 
of 0.6M KCl, 1.0 mM EDTA, 40mM Imidazole (pH 7.0), SmM 
ATP, lmM DTT (dithiothre itol) and 0.3 % triton X-100. The 
extracted material was spun at 2,500 g for 15 mins. 
The residue was again extracted with 10 volumes of HAMES 
overnight at 4°C but with 25mM sodium pyrophosphate 
replacing the· SmM ATP. The residue was sedimented and 
re-extracted with HAMES containing ATP and the cycle 
starting from 6 hourly extraction with HAMES and ATP 
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was repeated until no more appreciable quantities of actin 
or myosin came out in the supernatant. 
Finally the residue was suspended in HAMES, which did 
not contain either pyrophosphate, ATP or triton. From 
this suspension which was substantially enriched in 
intermediate filaments, samples were taken for electron 
microscopy. 
(b) DNAase I treatment of intermediate filaments: Since 
DNAase I treatment of chick embryo connective tissue cells 
was carried out in SSS, the isolated intermediate 
filaments (which were suspended in HAMES) were dialysed 
against 10 volumes of standard salt solution (SSS) for 
24 hours. Changes of dialysing medium were carried out 
every 8 hours. 
A portion of the dialysed intermediate filament 
sample was treated with DNAase I at a final concentration 
of 2-5 mg/ml in SSS for 2 hours at room temperature and 
then overnight at 4°C . Another portion from the same 
batch of intermediate filaments without any added DNAase I 
was left standing at room temperature for 2 hours and at 
4°C overnight as a control for DNAase I experiment. The 
control and DNAase I treated samples were both processed 
for electron microscopy in an identical way. 
(a) Tryp s in treatment and HMM l abelling of int ermediate 
filaments: The intermediate filaments were suspended 
in SSS as described above in the case of DNAase I treatment. 
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Then an attempt to label them with HMM as described for 
actin filaments (see p.43 ) was made. However, intermediate 
filaments did not label with HMM. Hence they were given 
a trypsin pre-treatment to see whether they would label 
with HMM as did the intermediate filaments of chick 
embryo connective tissue cells (see Chapter 4). For 
trypsin treatment, the residue which was rich in 
intermediate filaments, was dialysed against SSS as 
in the case of DNAase I treatment and suspended in an 
equal volume of trypsin (Sµg/ml) in SO % glycerol/SO % SSS. 
Trypsin was allowed to act on the intermediate filaments 
for 2 hours at room temperature. Immediately after 
trypsin treatment, the filaments were sedimented and 
resuspended in cold SO% glycerol/SO% SSS. This was 
followed by several washings with cold SSS and finally 
the residue Wgs negatively stainea (see p.S3) for 
viewing under the electron microscope. 
Microscopical and Gel Elect~ophoretic Techniques 
(a) Light microscopy : Light microscopy was used 
(i) to study the various movements exhibited by living 
cells, (ii) to select suitably well spread, healthy 
cultures for electron microscopy, and (iii) to gain an 
idea of how the cells respond to different extracting 
solutions (viz., change in shape, detachment from the 
surface, etc.). 
The monolayer cell cultures in Rose chambers were 
examined with a Leitz Ortholux microscope fitted with 
Nikon high contrast phase contrast optics. The 
microscope was housed in an incubator box, maintained at 
37°C with the aid of a thermostat-controlled warm air 
blower. The front of the incubator box had a removable 
panel of plexiglass to enable Rose chamber manipulation 
at the stage level and for focussing. 
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The Rose chamber, containing either normal or extracted 
cells, was mounted on the stage of the microscope. To 
obtain a clear view of the cells the formvar on the 
outer surface of the glass coverslip was removed, using 
a paper tissue soaked in glass-distilled water. The cells 
were examined under the low power and oil irrunersion. 
Photo micrographs were taken on Kodak (AHU) Microfile 
film using a Leica Camera with Mikas attachment for focussing. 
The film was processed in Kodak D19 developer for 5 mins. 
(b) Electron microscopy: Processing of cells and 
protein s~mples for electron microscopi~ (EM) observations 
was carried out either by critical-point drying or 
negative staining. 
1. Critical-point drying of cells: Normal cells 
and cells treated in various ways (e.g. glycerination, 
myosin extraction, HMM-labelling or DNAase I-treatment) 
were all processed for critical-point drying in a similar 
fashion. The only variation was that the treated cells 
underwent extensive washing with SSS before fixation while 
the normal cells were fixed irrunediately after removal 
from the Rose chamber. 
i: Fixation: When the cells in a Rose chamber 
were ready for fixation, as indicated by light microscopic 
examination, the chamber was dismantled and its formvar or 
formvar/carbon-coated coverglass was quickly transferred, 
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cell side uppermost, into a 60mm diameter glass Petri 
dish containing 10ml of 0.8% (v/v) glutaraldehyde 
(Polysciences Inc., Warrington, Pennsylvania, U.S.A.), in 
O.lM CaC1 2 , 20mM Imidazole-HCl, pH 7.0. After 20 mins, 
the coverglass with attached cells was transferred to 
another 60mm diameter Petri dish containing 10ml of 4% 
glutaraldehyde in O.lM Cacl 2 , 20mM Imidazole-HCl, pH 7.0, 
for 4 hours. A few batches of glutaraldehyde were very 
acidic and, in those cases, the concentration of Imidazole-
HCl was increased to 40mM. After glutaraldehyde fixation, 
the coverglass with attached cells was rinsed twice 
through Petri dishes of Hank's Balance Salt Solution 
(HBSS), pH 7.0. The coverglass was then transferred to 
an empty Petri dish and promptly covered with approximately 
1 ml of 1% osmium tetroxide buffered with 0.2M sodium 
cacodylate (pH 6.5) for 10 mins. The coverglass with 
attached cells was washed twice through Petri dishes 
of glass-distilled water. Then the cells were further 
fixed by transferring the coverglass to an empty Petri 
dish and covering the attached cells with 1 ml of 1% 
(aqueous) uranyl acetate. After 10 mins the cells 
were again washed with glass-distilled water. 
ii. Mounting of cells on EM grids: While 
still immersed within a Petri dish of glass-distilled water, 
the coverglass was observed with a dissecting microscope 
and a circular area of formvar film, to which cells were 
attached, was separated from the coverglass and turned 
over so as to bring the cells face down. Then, as soon as 
part of the formvar film reached the surface, the entire 
film promptly stretched out at the air-water interface. 
Copper grids (H-I 200 mesh; H.F. Fullam Inc., 
Schenectady, N.Y., U.S.A.) were place d on suitably 
cellular areas of the floating formvar film. To make 
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these grids adherent to the formvar, they were pre-coated 
by dipping them into a solution of 10 % Milliners glue 
solution (Leighton, Melbourne, Victoria, Australia) and 
dried on filter paper. Alternatively, grids pre-heated 
to 55°C needed no glue to adhere to the formvar surface. 
After grids had adhered to the formvar, fine forceps were 
used to separate them with the cell-bearing formvar 
still attached. The base of a grid holder suitable for 
the critical-point drying apparatus (The Bomar Co., 
Tacoma, Washington, U.S.A.) was placed in the Petri dish 
(without disturbing the grids) and completely immersed 
under the water surface. Then the floating grids with 
attached formvar were secured (witli the cell side uppermost) 
in the recesses of the grid holder base. The top of 
the grid holder was tightened firmly to the base, this 
preventing the grids from escaping while transferring the 
grid holder from one solution to the other and during the 
critical-point drying procedure. 
iii. Dehydration: The fixed cells were 
dehydrated by transferring the grid holder through 15%, 
30%, 40 %, 50 %, 60 %, 70%, 80% and 90% acetone, each step 
lasting 1 min, then trhough 8 changes of 100 % acetone , 
each for 2 mins. 
iv. Critical-point drying procedure: Critical-
point drying was carried out, using liquid carbon dioxide, 
in the Sorvall Critical-point Drying Apparatus (Ivan 
Sorvall Inc., Newtown, Connecticut, U.S.A.) as described 
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by Porter, Andrews and Kelley (1972). The critical-point 
drying appara tus (Fig. 3) consists o f a pressure chambe r 
with an inlet and an outlet controlled by pressure valve s. 
The inlet is attached to a co2 cylinder and the outlet 
is attached to · thickwa lled silicone rubbe r tubing. A 
pressure gauge is also connecte d to the pressure chambe r. 
The lid of the pressure chamber has a glass window to 
visualize the co2 bubbles whichhe lpsto regulate the rate 
of pressure increase during the initial stages . 
Before critical-point drying cells, the pressure 
chamber was filled to three-quarters of its capacity with 
100% acetone. After the final dehydration step the grid 
holder was transferred to the pressure chamber of the 
critical-point drying apparatus, the grids being completely 
covered with 100 % acetone. The pressure chamber was closed 
tightly by screwing down the lid firmly to the base and 
closing both inlet and outlet valves. Then the inlet 
valve was opened gradually until it was observed that 
the co2 bubbled through the acetone in the pressure 
chamber at a rate of 1-2 bubbles/second . When the 
pressure reached ~soo kg/cm2 , the inlet valve was opened 
fully . At this stage, the co 2 pressure in the chamber 
became equal to the pre ssure in the co 2 cylinder. Then 
the outlet valve was opened by a quarter of a turn to 
allow the liquid co2 to escape slowly . The valve was 
kept o pened f o r 5 mins . This wa s f ollowed by a 
5 min p e riod o f closure o f the outle t valve . This 
valve opening and closing procedure was repeated four 
times allowing all acetone to be replace d by liquid CO 2 . 
At the end of this process, both inlet and outlet valves 
Fig. 3:Critical-point drying apparatus (for details, 
seep. 50, in this chapter) 
C - pressure chamber. 
I - liquid carbon-dioxide (CO 2 ) inlet 
0 - co2 outlet 
W - water jacket. 

were closed tightly and the pressure in the chamber was 
gradually raised to 1500-1600 kg/cm2 by increasing the 
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temperature in the chamber. This was achieved by partly 
immersing the pressure chamber in warm water at 55°C. 
2 When the pressure reached 1600 kg/cm, the co2 outlet was 
opened by less than a quarter of a turn to release co2 
very slowly. The decompression was gradual taking at 
least 10 mins. When the pressure reached zero, the 
outlet was opened completely, the grid holder was taken 
out from the chamber and grids were examined immediately. 
Grids required for further use were stored on dry filter 
paper in a Petri dish placed in a desiccator at 10-l Torr. 
The extra care taken to make only gradual pressure changes 
on the cells optimized fine structural preservation. 
2. Critical-point drying of purified contractile 
proteins from - skeletal muscle: The protein was spread 
over a freshly glow-discharged formvar/carbon-coated glass 
coverslip (for preparation of formvar/carbon-coated 
coverslips see p.26). After 10 mins at room temperature 
(30 mins in the case of actin polymerization experiment), 
the coverslip was washed with several drops of standard 
salt solution (SSS). Instead of SSS, a solution containing 
0.5M KCl, lOmM potassium phosphate buffer, pH 7.0 was 
used, in the case of critical-point drying of myosin 
monomers. After washing, fixation and critical-point 
dry ing was c a rried out as described previously for cells. 
However, in the case of F-actin, uranyl acetate fixation 
preceeded osmium fixation. This reversal of order helped 
to preserve actin filaments, which are known to be 
highly susceptible to osmium. 
53 
3. Negative staining of cells: Negative staining 
was carried out according to the method of Huxley (1963). 
Unbuffered 1 % or 2% aqueous uranyl acetate was preferred 
over other negative stains because of its known ability 
to prese rve muscle filaments and to give high image 
contrast (Huxley, 1963). As reported by Huxley (1963) 
there was no sign that the preparations were adversely 
affected by the acidic pH (4.25 to 4.5) of the unbuffered 
uranyl acetate. Cultured cells which had been treated 
in various ways (e.g. with glycerol, HMM or DNAase I) 
were fixed by placing the coverglass with attached cells 
in 0.8 % glutaraldehyde made up in the same salt solution 
used for that particular experiment. After 30 mins 
of fixation at room temperature, the coverglass was 
transferred to a Petri dish of distilled water and cell-bearing 
areas of carbon-coated formvar wer~ transferred to EM 
grids as described in the critical-point drying procedure 
(see above). Several drops of 2% uranyl acetate solution 
were applied in quick succession to the grid. Excess 
negative stain was only partially removed with filter 
paper before the stain was rapidly dried in the hot 
airstream of a hair dryer. This drying procedure 
resulted in a more uniform thickness of negative stain 
and excellent image contrast. 
4. Negative staining of proteins: Negative 
staining of proteins was carried out using carbon-coated 
EM grids. 
i. Carbon-coating of EM grids: A thin layer 
(~7.5nm thickness) of carbon was first coated onto a 
freshly cleaved fragment of mica using the same procedure 
as described for carbon coating of coverslips (see p.26 
in this chapter). The mica was slowly immersed in a 
Petri dish containing water, enabling the thin layer of 
carbon to float off from mica onto the surface of the 
water. While looking through a dissecting microscope, 
EM grids (pre-coated with glue) were applied to the thin 
layer of carbon. Using fine forceps the grids, with 
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the attached carbon layer, were separated from the rest 
of the floating layer of carbon. These grids were then 
glow-discharged just before negative staining was carried 
out. 
ii. Staining: A drop of protein solution was 
applied to a freshly glow-discharged grid. After 15 
seconds, several drops of 2% aqueous uranyl acetate were 
applied to the grid. The subsequent procedure was the 
same as d2scribed for negative staining of cells . 
5. Electron microscopic observation of processed 
specimens: The EM grids containing specimens processed 
either by critical-point drying or negative staining 
were examined under a Philips EM 301 microscope, fitted 
with a goniometer stage. An accelerating voltage of 
80k . v. and an objective aperture of 70µm were used to 
view the specimen . Electron micrographs were taken using 
either a 35 mm camera or a plate camera. Stereoscopic 
pictures were taken by tilting the stage± 6° from the 
horizontal. Instrument magnification was calibrated 
with a silicon monoxide grating replica having 2160 lines/mm. 
(c) SDS polyacrylamide gel electrophoresis: Sodium 
dodecyl sulphate polyacrylamide (SDS) gel ectrophoresis 
was carried out to examine the various proteins present 
in normal cultured chick embryo connect ive tissue cells, 
glycerinated cells, myosin extracted cells and extracts 
obtained after glycerination, myosin extraction and 
DNAase I treatment. This technique was also applied 
to test the purity of proteins isolated from rabbit 
skeletal muscle and chicken gizzard smooth muscle. 
This was performed on slabs of uniform polyacrylamide 
concentration (either 5 % or 10 %) according to the method 
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of Laemmli (1970) or on exponential polyacrylamide gradient 
gels as described by O'Farrell (1975). 
1. Preparation of slab gels: Both uniform and 
gradient gels were prepared from a stock solution of 
acrylamide containing 30.0g acrylamide (Eastman Kodak 
Company, Rochester, N.Y., U.S.A.), 0.8g N,N'-methylene-
bisacrylamid~ (Eastman Organic Chemicals, Rochester, N.Y., 
U.S.A.) and O.lg sodium dodecyl sulphate (BDH Chemicals 
Ltd., Poole, England) in 100 ml deionized water. The 
solution was filtered through Whatman No. 1 filter paper 
to remove any insoluble material and stored in a glass-
stoppered dark bottle at 4°C. 
For uniform gels, the separating gel (5% or 10% 
acrylamide) was prepared in a beaker, on ice, by adding 
to the appropriate volume of stock acrylamide, SDS 
(0.1 % (w/v) final concentration), separating gel buffer 
(0.375M Tris-HCl (pH 8.8) final concentration), N,N,N' ,N'-
tetramethylethylene-diamine (TEMED) (Sigma, St. Louis, M.O., 
U.S.A.) to a final concentration of 0.025 % (v/v), and 
ammonium persulphate (BDH Chemicals, Poole, England) to a 
final concentration of 0.05% (w/v), in that order, and 
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mixed by swirling gently. Using a 10 ml pipette, the 
acrylamide mixture was then placed in the space between 
two 20cm x 20cm glass plates separated by perspex spacers 
about 1.5mm thick and sealed with yellow waterproof 
'gel tape' (Universal Scientific Ltd., London, England). 
The plates were filled to within about 2.5cm of the 
top and subsequently gently overlaid with water using a 
10 ml syringe and 25 G needle taking care to avoid 
mixing of the two layers. 
For gradient gels, the polyacrylamide gradient was 
poured from a perspex two-chamber gradient mixer. The 
front chamber contained the high concentration of 
acrylamide and buffer prepared in 50% glycerol such 
that a density gradient could be formed in the gel. The 
back chamber contained the low concentration of acrylamide. 
The front chamber was stirred with a magnetic stirring bar 
which mixed in the low acrylamide solution as the 
gradient was being poured. The flow rate was about 2-3 
ml/min. In order to form gradients of different 
concentration range, the proportions of acrylamide solution 
and water were varied appropriately. Each gel 
contained (final concentration) 0.375M Tris-HCl (pH 8.8), 
0.1% SDS, 0.015% (w/v) ammonium persulphate and 0.05% 
(v/v) TEMED. All solutions were mixed in beakers in an 
ice bath before being added to the gradient mixer. The 
gels were overlaid with water as described for the 
preparation of uniform concentration gels. 
After polymerization, about 1 hour for the uniform 
concentration gel and slightly longer for the gradient 
gels, the water overlay was tipped off and the top of 
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ADDENDUM 
Preparation of Cell Samples for Biochemical (electrophoretic) 
analysis 
Cultured chick embryo connective tissue cells used for 
biochemical analysis involving SDS polyacrylamide gel 
electrophoresis were grown in T30 culture bottles [as 
contrasted to the cells grown in Rose Chambers for micro-
scopical studies]. The culturing techniques such as preparation 
of culture medium, isolation of tissue, and separation of cells 
were the same as described earlier for cells grown in Rose 
Chambers (p. 26). To achieve a uniform distribution of cells 
in different culture bottles used for a given experiment, a 
constant amount of the same cell suspension was injected into 
each bottle which was found to give a well spread monolayer 
of cells. 
The extraction of cells used for biochemical (electro-
phoretic) analysis was carried out as described for cells used 
for microscopical analysis (pp. 30-35). The cells were 
cultured for 24 hours and six bottles were used for each 
extraction procedure. Of the six, three were used as a control 
for that particular type of extraction. 
To analyse different proteins in intact cells (cells 
which were not subjected to any type of extraction), T30 
bottles were removed from the incubator after 24 hours of 
culturing and the culture medium from the bottles was decanted. 
The cells were dissolved by applying a solubilizing solution 
(1 ml/bottle) consisting of 0.0625M Tris-HCl (pH 6.8), 2% SDS, 
10% glycerol, 5% 8-mercaptoethanol and 0.04 % bromophenol blue. 
To achieve complete solubilization, the contents were boiled 
for 1 min. The samples were used immediately for electro-
phoresis. The same procedure was also used to analyse proteins 
present in glycerol extracted, myosin extracted or DNAase I 
treated cells (pp. 30-35). 
The extracts obtained after various extraction procedures 
were processed for biochemical analysis as follows: 
The extract was spun at 2,500 g for 10 mins to sediment 
any cells that had floated off the glass surface of culture 
bottles during extraction. · The supernatant from this 
centrifugation received trichloroacetic acid (TCA) to give a 
final concentration of 10% to precipitate protein. This was 
kept at 0°C for 1.5 hours. The precipitate was sedimented at 
2,500 g for 10 mins and then washed once with ice-cold 10% TCA 
and once with ice-cold acetone before being solubilized in 
solubilizing solution as described above for cells. The 
contents were boiled for 1 min. The samples were used 
immediately for electrophoresis. 
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the gel was rinsed with additional water. Any remaining 
solution was subsequently removed by carefully blotting 
with a piece of filter paper. A perspex template of 
sample application wells was then placed above the 
separating gel. 
The ingredients for the stacking gel were also 
assembled on ice in a manner similar to that described 
for the separating gel. The stacking gel consisted of 
3% or 5 % acrylamide, 0.1% SDS, 0.125M Tris-HCl (pH 6.8), 
0.05% TEMED, and 0.1% ammonium persulphate (final 
concentrations). The components were mixed by gently 
swirling and then added to the top of the separating gel 
taking care to remove any bubbles which may have formed . 
After polymerization (about 30 mins), the template was 
removed and the top of the gel was rinsed with water 
before ov~rlaying with electrophoresis ~uffer which 
consisted of O.OOSM Tris, 0.0384M glycine, 0.1% SDS 
( pH 8 . 3) . In general, gels were stored overnight at 4°C 
before being used in order to i,nsure complete 
polymerization of the acrylamide. This appeared to be 
particularly necessary for gradient gels to obtain 
optimal resolution. 
2. Preparation of samples: Protein samples were 
prepared by completely dissociating in 0 . 0625M Tris-HCl 
(pH 6 . 8), 2 % SDS, 10 % glycerol, 5% 8-mercaptoethanol, 
and 0.004 % bromophenol blue as a tracking dye (final 
concentrations). Complete dissociation was brought 
about by immersing the samples in boiling water for 
2-3 mins. 
3. Electrophoresis: Samples containing up to 
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200mg protein (determined by the method of Lowry e t al ., 
1951) were loaded on the stacking g e l beneath electrophoresi s 
buffer using either a 5 µ1 or 100 µ1 glass s yringe 
(Scientific Glass Engineering Pty. Ltd., Melbourne, 
Australia). Electrophore sis was performed a t a consta nt 
current of 35 mA using power suppli e d by a b.w.d. model 
216A stablized power supply (BWD Electronics Melbourne, 
Australia). After electrophoresis the gels were 
removed immediately and stained. 
4. Staining and destaining: Gels were stained 
and destained using a modification of the method 
described by Fairbanks, Theodore and Wallach (1971). 
Gels were fixed and stained overnight at room temperature 
in 0.04% coomassie blue, 25% iso-propyl alcohol and 10 % 
acetic acid. The staining solution was then removed 
and 25 % iso--propyl alcohol, 10% acetic acid was added 
for 2-4 hours. This was followed by several changes of 
10% acetic acid until the background was clear. Gels 
were then photographed. 
5. Standards: A mixture of proteins of known 
molecular weights were co-electrophoresed with the test 
samples. A plot of relative mobility versus log 
molecular weight yielded a straight line from which an 
estimate of the molecular weights of the unknown proteins 
could be made (Figs. 4 and 5). 
Fig. 4:Molecular weight standard curve obtained from a 
10 % gel as illustrated in Fig. 10, Chapter 7 . 
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CHAPTER 3 - STRUCTURE AND MOVEMENTS OF NORMAL CULTURED 
CHICK EMBRYO CONNECTIVE TISSUE CELLS: 
A LIGHT MICROSCOPIC, FINE STRUCTURAL AND 
BIOCHEMICAL STUDY 
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INTRODUCT I ON 
The various movements exhibited by culture d chick embryo 
connective tissue cells of the fibroblast type have been 
established by light microscopy and cine photomicrography 
(reviewed by Buckley, 1964). Two broad categories 
of subcellular motility occur. These are: deformational 
movements of the cell surface (seen especially at the cell 
margin) and extended migrations of organelles through the 
sub-cortical cytoplasm (Buckley, 1974). Before attempting 
to postulate mechanisms for the subcellular movements, it 
seems important to define details of the fine structure 
associated with the motile regions of the cell. 
Using sectioned cultured cells, many workers have found 
within the mo~ile margins of these cells, that there are 
always masses of fi~ sub-plasmalemmal filaments (e.g. Spooner, 
Yamada and Wessels, 1971; Wessels, Spooner and Luduena, 
1973; Goldman, Chang and Williams, 1975). Similarly, 
although the association has seemed less constant, within 
the sub-cortical cytoplasm, motile organelles are surrounded 
by filaments and microtubules (Porter, 1976). These 
associations have encouraged many investigators to propose 
that filaments are in some manner involve d in both forms of 
subcellular movements (Buckley, 1974 ). As 
mentioned i n Chap t e r 1, the presenc e of bo t h a ct i n and 
myosin in many types of non-muscle cells, including cultured 
connective tissue c e lls, has been demonstrated using 
biochemical and immuno f luorescence methods (Hatano and 
Oosawa, 1966 ; Ade lstein et al. , 1972 ; Lazarides, 19 76 ; 
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Weber and Groeschel - Stewar t, 197 4 ) · 
If moveme nt in non-muscl e c e ll s is brought about by 
actin-myo s in interactions, as in skeletal muscle cells 
(Pollard and We ihing, 1974), the pronounced dissimilarity 
in form and arrangement of the filame nts in non-muscle 
cells such as cultured connective tissue cells (cf. skele tal 
muscle cells) has made it seem difficult to explain how an 
actin-myosin system comparable to that of skeletal muscle 
could function in such cells. However, it seems relevant 
to point out that the movements exhibited by cultured chick 
embryo connective tissue cells differ significantly from 
those of skeletal muscle cells, both in their character and 
in their complexity (Buckley and Raju, 1976). With this in 
mind, it may not be reasonable to expect that actin and 
myosin should have a muscle-like arrangement in such 
non-muscle cells. Accordingly, there appears to be a neec 
to gather more detailed information concerning the fine 
structural organization of the cytoplasmic filaments of 
non-muscle cells, and, if possible, to designate the protein 
identity to these filaments. 
The fine structural details obtainable from studies 
based on thin sectioned material are not adequate because 
there are oft~n some doubts about the form and dimensions 
of individual filaments and, more importantly, many doubts 
about their thre e dimensional distribution in relation to 
one another a nd to the cells' moving parts. 
An alternative approach to elucidating the three 
dimensional distribution of filaments, microtubules and 
other compone nts within cultured chick embryo cells is based 
on processing whole cells for electron microscopy by 
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fixation and then critical point drying through liquid 
carbon dioxide (Anderson, 1951; Buckley and Porter, 1973). 
By examining stereoscopic pairs of electron micrographs of 
cells prepared in this way, the three dimensional 
disposition of organelles, cell margins and cytoplasmic 
matrix components in relation to one another can be 
meaningfully evaluated . This method was successfully 
applied by Buckley (1975), Buckley and Porter (1975) and 
Buckley and Raju (1976). 
A further reason for this work is that a clear 
understanding of the structure of normal cells with respect 
to the arrangement of their cytoplasmic filaments is 
essential for interpreting the results obtained with cells 
extracted for particular contractile proteins, the results 
of which will be described in the following chapters. The 
present studies describe the structure of normal cultured 
chick embryo connective tissue cells under light microscopy 
using phase contrast optics. Then their fine structure, 
using improved methods of fixation and critical-point 
drying, is described. Light microscopy was carried out to 
gain an appreciation of the complex movements of living cells 
and to demonstrate that the fixation and critical-point 
drying used in these procedures do not alter the shape of 
the cell or the normal intracellular arrangement of 
organelles. 
The results presented in this chapter are grouped 
together as follows: 
Light (Phase Contrast) Microscopy of Living cells 
Electron Microscopy 
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(a) General description of the fine structure of 
fixed, critical point dried (CPD) cells; 
(b) Description of the fine structure of 
filament systems of cells; 
(c) Histogram showing the diameter distribution 
of the various filaments. 
SDS Polyacrylamide Gel Electrophoresis of Normal Cells 
RESULTS 
Light (Phase Contrast) Microscopy of Living Cells 
As illustrated in the low power phctomicrograph 
(Fig. 1), cultured chick embryo connective tissue cells 
are thinly spread out polyhedral structures, sometimes with 
many polar projections. However, the precise shape of 
individual cells varies from one cell to another. The cell 
margin is frequently extended into long processes and in 
some areas, the margin shows undulations. An ovoid nucleus, 
nucleoli and particulate organelles are visible even at 
low power. However, precise details of the structures of 
the living cell cannot be appreciated at such low magnification. 
When the cells are viewed at high magnification 
(Figs. 2 and 3), the structure and disposition of various 
organelles and the details regarding the cell margin can be 
more readily appreciated . The ovoid nucleus is often 
eccentrically located within the cell. Nucleoli are phase 
Fig. l:Low power phase-contrast micrograph showing one 
day-old cultured chick embryo connective tissue 
cells of fibroblastic type. The cells are thinly 
spread out. Cell margins (cm) are gently 
curving and many are extended into long processes. 
In some areas where the cell margin is expanded, 
it appears to be undulating (arrows). Nuclei (n) 
are mostly ovoid and nucleoli (nc) can be easily 
identified. In many cells there are phase-dark 
particles (p) suggesting the presence of 
particulate organelles. X 560. 
• 
• 
' 
I 
' 
Fig. 2:Phase-contrast micrograph of a living cell taken 
using oil immersion objective showing the 
eccentrically located nucleus (n), phase-dark 
nucleoli (nc) , mitochondria {m), lysosomes (ly), 
Golgi apparatus (g) and endoplasmic reticulum 
(er). The cell margin is gently curving and 
in some areas it is drawn into veil-like 
extensions {v). From these veils finger-like 
microvilli (mv) project out into the growth 
medium. X 2100 

Fig. 3:Phase contrast micrograph of a cell similar to 
that shown in Fig. 2, illustrating long and 
straight stress fibres (sf), in addition to 
the features described in Fig. 2. Refractile 
lipid bodies (1), which are not clearly 
distinguishable in Fig. 2 can be easily 
identified in this micrograph. X 1400 
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dark in appearance and highly variable in shape. Situated 
in the perinuclear region, is the Golgi Complex . This is a 
crescent-shaped structure which is largely free of other 
organelles . Mitochondria are identified as long, thread-
like, phase dark structures which may be straight or 
undulating, occasional ones showing branching. Lysosomes 
are phase dark, round or ovoid structures. Lipid bodies 
appear as round, phase light structures with phase dark 
margins. 
These particulate organelles are concentrated about 
the nucleus. Because of its extremely low contrast, 
endoplasmic reticulum is difficult to resolve. However, 
faint, phase dark strands probably represent portions of the 
endoplasmic reticulum scattered throughout the cytoplasm. 
Over much of their extent , the margins of these 
polygonal cell~ appear sharply defined and gently curving. 
However, in various places, particularly at the projecting 
poles of the cell, the cell margin is thrown out into thin, 
veil-like extensions shaped more or less like a fan (Figs. 
2 and 3). Commonly from these, narrow finger-like 
processes termed microvilli can be seen projecting out 
(Figs. 2 and 3). In addition, at the base of the veils and 
elsewhere throughout the cytoplasm are phase dark striations 
known as 'stress fibres' or 'tension striae' (Lewis and 
Lewis, 1924) (Fig. 3). From both light and electron 
microscopic studies , it is known that these are located 
within the cell cortices (Buckley and Porter, 1967). Their 
number and distribution vary from cell to cell . 
Except for the Golgi complexes, lipid inclusions and 
stress fibres , the cytoplasmic components, exhibit a constant 
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motion which can be seen either directly or more effectively 
by reviewing time -lapse movie records. The movement of 
particulate organelles which migrate swiftly through the 
cytoplasm on seemingly straight paths is rather striking. 
Periodically such moving organelles stop and, after a brief 
pause, start moving again in some new direction. The 
direction and speed of movement of individual organelles 
appear to be independent of each other. 
Equally striking are the movements shown by the veil-
like extensions of the cell margin and the microvilli. 
Continually, the veils exhibit highly complex undulatory 
movements, extensions and retractions. In some instances, 
these retractions are accompanied by pinocytosis (i.e. the 
uptake of droplets of liquid from the culture medium). 
Microvilli , which extend out from the veils, commonly undergo 
a series of bending movements befo~2 disappearing by being 
retracted back ~nto the veils. 
Electron Microscopy 
(a) General description of the fine s tructure of fixed CPD 
cells : The structure of the CPD cell, as seen at low 
magnification (Fig. 4) bears a striking similarity to that 
of the living cell seen with the phase contrast microscope 
(Fig. 2). As illustrated in Fig 4, an eccentrically 
located, ovoid nucleus contains two electron-dense nucleoli. 
The Golgi complex is located adjacent to the nucleus on one 
side . Elsewhere , close to the nucleus, because of the 
thickness of the cytoplasm, organelles appear at high 
density. Nevertheless, one can readily identify thread-like 
mitochondria of varying lengths, lysosomes, lipid dropl e ts 
and cisternae of the endoplasmic reticulum. Here, close 
Fig. 4:Low power electron micrograph of a fixed, CPD cell 
(for methods of preparation, see Chapter 2, p.50 ) . 
This cell shows features which can be readily 
correlated with phase-contrast micrographs of 
living cells (cf. Figs. 2 and 3). An ovoid 
nucleus (n) is eccentrically located and nucleoli 
(nc) are highly electron dense. The Golgi apparatus 
(g) is crescent-shaped. Organelles appear 
concentrated about the nucleus because of the 
thickness of cytoplasm in that region. Nevertheless 
mitochondria (m), lysosomes (ly), lipid bodies (1) 
and endoplasmic reticulum (er) can be readily 
identified. Although it is hard to distinguish 
between lysosomes (ly) and lipid bodies (1) (both 
are electron dense and spherical or ovoid in 
shape) whereas lysosomes are dispersed randomly, 
lipid bodies are arranged into more or less 
regular clusters. The endoplasmi8 reticulum (er) 
appears as broadly fenestrated and cisternae 
are located around the nucleus. Peripherally, 
these cisternae give off finer strands. Straight 
or slightly curving stress fibres (sf) can be 
seen radiating throughout the cytoplasm. The 
cell margin (cm) is undulating in some areas 
and gently curving in others. X 3,700. 
s 
to the nucleus, the endoplasmic reticulum appears in the 
form of broad fenestrated cisternae which, peripherally, 
give off the finer strands that form the more dispersed 
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reticulum. Long straight or gently curving stress fibres 
can be seen radiating throughout the cytoplasm. The cell 
margin appears undulating in some areas and gently curving 
in others. 
With slightly higher magnification (Fig. 5), it can be 
seen that the stress fibres are composed of bundles of 
filaments. It is not possible to resolve individual 
filaments distinctly. However, it is clear that whereas 
some fibres remain as fairly tightly packed bundles of more 
or less uniform calibre, many others fan out to form more 
diffuse filament arrays. The microtubules are long and 
straight or slightly curving structures of uniform calibre 
( ~ 19nm). These traverse the cytopla~m in various 
directions. The reticular pattern of both the fenestrated 
cisternae and more disperse forms of the endoplasmic reticulum 
can also be appreciated in this electron micrograph (Fig. 5). 
Various particulate organelles, mitochondria and lysosomes 
can be seen in close association with the more compact 
forms of endoplasmic reticulum . Included in the cytoplasm 
are numerous tiny electron-dense granules which, by comparison 
with sectioned cells, can be identified as polyribosomes . 
The cell margin is scalloped and, in a few areas , it has 
forme d veil-like extensions. This is more clearly 
demonstrated in the following stereo pair of micrographs. 
Figs. 6a and b show the pole of a cell containing filament 
bundles, microtubules, coated vesicles and numerous 
Fig. 5:Electron micrograph showing a portion of a CPD 
cell under slightly higher magnification than 
in Fig. 4. It can be seen that the structures 
described as stress fibres in Figs. 3 and 4 
are in fact composed of bundles of filaments (fb). 
It is not possible to resolve individual filaments 
distinctly. The length as well as the width 
of filament bundles vary considerably. 
Whereas the filaments are tightly packed in 
some bundles, in other bundles the filaments 
fan out to form diffuse arrays. Elongate 
microtubules (mt) can be seen traversing 
throughout the cytoplasm. 
The reticular pattern of the fenestrated 
endoplasmic reticulum (er), mitocho~dria (m), 
lysosomes (ly) and numerous electron dense 
particles which, by comparison with sectioned 
cells, can be identified as polyribosomes (p) 
are also illustrated in this micrograph. The 
cell margin (cm) appears scalloped and in some 
areas extended into veil-like (v) extensions 
from which microvilli (mv) project out. 
X 7,000. 

Figs. 6a and b: A stereo pair of electron micrographs 
illustrating the features of veil-like extensions 
(v) of the cell margin . These veils in general 
project upwards from the surface. Finger-like 
microvilli (mv) extend out from the veils . 
Within each microvillus is a core element (c) 
consisting of closely aligned filaments which 
extend deep into the base of the veil. The 
rest of the structures within the veils appear 
as a highly complex meshwork and at this 
magnificat~on it is not possible to reso:ve 
further details. Filament bundles (fb), 
microtubules (mt), coated vesicles (cv) and 
polyribosomes (p) can be also seen. 
X 15,400 
6a 6b 
polyribosomes. 
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The cell margin is extended into a series 
of fan-like extensions or veils, which are very similar 
to the ones described earlier in the phase contrast 
images of living cells. Microvilli can be seen projecting 
out from these fan-like extensions . These 
microvilli contain a dense core of filaments which project 
down towards the base of the veil. Elsewhere within the 
veils, filaments occur in less regular arrays, appearing 
as a feltwork. 
The overall complexity of the filament systems, both 
within these surface projections and deeper within the cell 
is remarkable. This aspect of the cell's fine structure, 
with which the present study is mostly concerned,will now 
be described in detail. 
(b) Description of the fine structure of filament systems 
of cells : The filament systems comprise filaments ranging 
in diameter from 4 to 11 nm. Based on their size, the 
filaments of non-muscle cells have been classified as 
'thin' and 'intermediate' by Ishikawa, Bischoff and Holtzer 
(1968). In the present study 4 to 7 nm diameter filaments 
will be regarded as 'thin' filaments and 7 to 11 nm 
diameter filaments as 'intermediate ' filaments. 
The most obvious and striking system of filaments 
are those which make up the stress fibres, the fibrous 
structures which consist of bundles of closely parallel 
thin filaments (Figs. 6a and b) . These filaments are long, 
relatively straight, and often tightly packed. However, 
not uncommonly the filaments fan out from their tight 
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bundles to form sheet-like arrays. This is a very common 
occurrence where the fibres approach their terminations 
towards the cell margins. The width and the length of 
the bundles vary, though frequently they extend across 
the entire length of the cell, within both dorsal and 
ventral cortices. 
In the sub-plasmalemmal cytoplasm of the veils thin 
filaments predominate (Fig. 7). Here they form 
a very fine meshwork, cross-linked by short structures which 
are described below. Commonly the filaments are almost 
totally obscured by these cross-linking structures. The 
filamentous core which occurs within microvilli, is seen 
as a narrow bundle of more or less parallel but loosely 
allied thin filaments. These filamentous cores extend 
towards and sometimes penetrate the cortical bundles. In 
these veil-like sub-plasmalemmal regions, microtubules are 
seen only on rare occasions. 
The cortical bundles in the dorsal and ventral regions 
are interconnected by a complex three dimensional network 
of filaments which appear to extend throughout the entire 
sub-cortical cytoplasm. The features of this sub-cortical 
network of filaments are illustrated in Figs. 8, 9a, band 
10a and b. Included in the sub-cortical filament system 
are both thin and intermediate filaments which branch and 
anastamose with one another to give the network a three 
dime nsional character . The great ma jority (~ 90 %) of 
these sub-cortical filaments are intermediate in size 
and take long meandering courses, branching as they go. 
Fig. ?:Electron micrograph of a portion of a fixed, CPD 
cell showing details of the sub-plasmalemmal 
cytoplasm within a veil (v). A microvillus (mv) 
can be seen projecting out from the veil. The 
cytoplasm within the veils contains many 4-7 nm 
diameter filaments (f). However, these are 
difficult to discern clearly as they are largely 
obscured by numerous cross-linking structures 
which are mostly 'dumb-bell' shaped (arrows). 
Because of the extensive cross-linking, a fine 
meshwork is formed. At the base of the veil, 
there is a filament bundle (fb) consisting of 
closely aligned, parallel thin filaments. 
Microtubules (mt) can be seen in the deeper 
cytoplasm. X 54,600. 

Fig. 8:This electron micrograph shows the features of 
the sub-cortical cytoplasm of a CPD cell. A 
long branching mitochondrion (m) with fairly 
well-defined crystae can be seen. This 
mitochondrion is surrounded by~ network of 
filaments (f) consisting of 4-7 nm diameter thin 
filaments and 7-11 nm diameter intermediate 
filaments. Microtubules (mt) also take part 
in this network and are widely distributed 
throughout the cytoplasm. There are also 
clusters of electron-dense polyribosomes (p). 
Cross linking these to the abovementioned 
filaments are some short cross-linking elements 
appearing as nodes with fine tails (arrowheads). 
X 52,000. 

Figs. 9a and b: Stereoscopic illustrations of a portion 
of the cell shown in Fig.8.The mitochondrion (m) 
is surrounded on all sides by a three dimensional 
network of filaments (f). Branching of filaments 
(circles) is clearly seen in some areas. A direct 
link between the mitochondrion and the filament 
network is highly suggestive (large arrowheads). 
X 53,500. 
9a 9b 
Figs. 10a and b: Stereo pair of electron micrographs 
showing the arrangement of filaments and 
organelles in the sub-cortical cytoplasm of 
a fixed CPD cell. Filament bundles (fb), 
filaments (f), microtubules (mt), mitochondria 
(m), endoplasmic reticulum (er) and polyribosomes 
(p) are readily identifiable. Another feature 
which is demonstrated here is the contact 
between the filaments and structures such as 
mitochondria, endoplasmic reticulum, microtubules 
and polyribosomes (arrows). The filaments make 
contact either directly with these structures or 
through 'node-like ' structures. X 54,600. 
10a 10b 
The resultant three dimensional network of filaments 
surrounds organe lles such as mitochondria, polyribosomes 
and endoplasmic reticulum. The network is also linked 
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to these organelles as well as to microtubules (see below). 
As shown by stereoscopic viewing, branches arising from 
intermediate filaments represent true branching and not 
simply superimpositional images of overlapping filaments. 
A separate but equally striking feature of the filament 
system is the presence of 'node-like' structures which are 
attached to thin as well as to intermediate filaments. 
These structures were first described by Buckley (1975) and 
later in more detail by Buckley and Raju (1976). As 
illustrated in Figs. lla and b, the node-like' structures 
are round or ovoid, conical or vase-shaped and exhibit fine 
tails projecting away from the node-like' bodies. The 
dimensions of the nodes vary depenaing on their shape. 
When they are round they measure about 15-16 nm in diameter 
and the length of the tail ranges from 30-50 nm. Although 
it is not possible to measure the width of the tails with 
great accuracy, it is estimated that this is in the range 
of 1-2 nm. 'Dumb-bell ' shaped structures appear to be 
formed by the tail-to-tail linkage of two of these 
hode-like' structures. The hode-like' structures are 
distributed throughout the cytoplasm, but their distribution 
is not uniform. They are concentrated in high densities 
within the veil-like extensions of the cell margin 
(Figs. 7a and b). There, the Uumb-bell' shaped structures 
extensively cross-link the 4-7 nm filaments thus giving 
rise to the overall impression of a very fine-mesh 
filamentous network. The hode-lik~ structures are present 
at moderately high densities within the filament bundles . 
Fig. lla and b: Stereo pair of micrographs showing a 
portion of a cell clearly demonstrating the presence 
of numerous short cross-linking structures 
(arrowheads). These appear as nodes with fine 
tails. By means of tail to tail attachment, 
these frequently form 'dumb-bell' shaped structures 
which cross-link filaments (f) and filaments with 
microtubules (mt). The nodes are pleomorphic 
in shape. When they are round they measure 
14-16 nm across . The tails are very fine and 
measure approximately 1-2 nm in diameter and 
from 30-50 nm in length. X 35,700. 
11 a 11b 
70 
Here they are mostly obscured because of the tight packing 
of filame nts within the bundles. Within the deeper 
sub-cortical cytoplasm, the tiumb-be l~ shape d structure s 
cross-link the 4-11 nm diameter filaments to one anothe r 
as well as linking these filame nts to othe r structure s such 
as mitochondria, polyribosome s and microtubules. 
(c) His togr am s howing t h e di am e te r distr i bu ti on of th e 
various filaments : The diameters of the filaments not 
aggregated into bundles were selected for measurement 
randomly by dropping a template containing holes onto 
micrographs of fixed CPD cells and measuring those filaments 
which lay across the holes. In reality, the filament 
diameters showed a continuous variation in the range of 2-11 nm. 
However, for convenience, these measurements are shown in 
the form of a histogram (Fig. 12) . The filaments in the 
range of 2-3 nm may represent the fine tails of the short 
interconnecting'dumb-bell1 shaped structures described above. 
Within the 4-11 nm group of filaments the thin filaments 
(i.e. those 4-7 nm in diameter) account for 45 % of the total 
and the intermediate filaments (i.e. 7-11 nm in diameter) 
account for ~ 55 % of the total. The relatively high 
proportion of thin filaments (cf . Ishikawa, Bischoff and 
Holtzer, 1968) is probably due to the fact that as whole 
cells were used for the present study, measurements of 
filame nts in the sub-plasmalemmal and cortical regions 
which are known to have a predominant population of 4-7 nm 
thin filaments have been included. This technique is in 
Fig. 12: Histogram showing the frequency distribution of 
filament diameters in normal CPD cells. For 
plotting the histogram those filaments which did 
not occur in bundles and whose diameters could 
be determined accurately were measured. As 
illustrated, there is a continuous range in the 
diameter distribution of filaments. The 2-4 nm 
filaments probably represent the short cross-
linking elements present throughout the cytoplasm. 
Based on the classification of others (Ishikawa, 
Bischoff and Holtzer, 1968; Goldman and Pollet, 
1969), it is assumed that the 4-11 nm filaments 
encompass two classes of filaments, namely the 
4-7 run diameter 'thin' filaments and the 7-11 nm 
'intermediate'-sized filaments. 
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contrast to that of Ishikawa, Bischoff and Holtzer (1968) 
in which sectioned cells were used and hence most of the 
cortical and sub-plasmalemmal filaments would have been 
excluded. 
SDS Polyacrylamide Gel Electrophoresis of Normal Cells 
The proteins present in cultured chick embryo 
connective tissue cells were analysed by SDS polyacrylamide 
gel electrophoresis (for details of method, see Chapter 2, 
p.54 ) , to look for the presence of actin and myosin. As 
shown in Fig. 13 the gels contain bands which have comigrated 
with the purified actin and myosin isolated from skeletal 
muscle. The band comigrating with the skeletal muscle actin 
is the most prominent band, indicating that actin is the 
major protein in these cultured chick embryo connective 
tissue cells jus~ as it is in other non-muscle cells 
(reviewed by Korn, 1978). Electrophoretic analysis of 
the culture medium alone does not show the presence of 
either actin or myosin bands. The other significant band 
here comigrates with bovine serum albumin. This is probably 
due to albumin present in the foetal calf serum which is 
a major component in the cell culture medium. 
Fig. 13: SDS polyacrylamide gradient (6~-15%) gel 
electrophoresis (for methods, see p.54 in previous 
chapter) profile of normal cultured chick embryo 
connective tissue cells. The cells (C) show the 
presence of bands which comigrate with the 
standards (A) consisting of skeletal muscle actin 
(a) and myosin (m). The culture medium (B) itself 
does not contain any actin or myosin. 
m ._--• 
a 
· A B C 
13 
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DISCUSSION 
The results of the present chapter can be summarised 
as follows: 
(1) Light microscopy of living cultured chick embryo 
connective tissue cells reveals details regarding overall 
cell shape, structures present within the cell and the 
form of the cell margins. As determined by direct 
observation and examination of time-lapse movie records, 
there is much movement within the cell. Particulate 
crganelles such as mitochondria and lysosomes make rapid 
movements through the sub-cortical cytoplasm. The veils 
of the cell margin undergo complex undulatory movements and, 
from the veils , microvilli extend and retract. 
(2) Lower power electron micrographs of fixed CPD cells 
demonstrate that the general morphology of living cells, 
as seen by light microscopy, is not altered significantly 
by the procedures of fixation and critical point drying. 
Hence the organelles and other structures seen in phase 
contrast micrographs of living cells can be readily identified 
in electron micrographs of CPD cells. 
(3) With regard to the cells' filament systems (the main 
concern of the present work), the only parts visible with 
the light microscope are the stress fibres. However, by 
electron microscopy, the precise form of individual 
filaments and full complexity of the cells' filament 
system is revealed. Based on their size, filaments appear 
to fall into two categories: 
(i) The thin filaments which measure 4-7 nm 
in diameter. These are tightly pa cke d 
into bundles · (the stress fibres) or more 
loosely arra nged in she ets. Both are 
always located within the cortical region 
of the cytoplasm. Thin filaments also 
occur as a fine meshwork in the 
sub-plasmalemmal cytoplasm of the veils. 
A few thin filaments are found also in the 
sub-cortical cytoplasm. 
(ii) The intermediate filaments which measure 
7-11 nm in diameter. These occur 
exclusively in the sub-cortical cytoplasm 
where they make up 90 % of the filaments. 
Through branching and interconnections with 
the few sub-cortical thin filaments they 
form a three dimensional filament network. 
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(4) Node-lik~ structures with fine tails are attached to 
intermediate as well as to thin filaments. Two of these 
nodes are often found attached, tail to tail, with each other 
thus forming tlumb-bell' shaped structures. These cross-link 
the filaments to one another as well as to other structures 
such as microtubules, polyribosomes, mitochondria and 
endoplasmic reticulum . 
(5 ) SOS polyac ry l a mide ge l electrophoretic analysis of 
culture d chick e mbryo connective tissue cells reveals the 
presence of actin and myosin in the cells. 
The main aim of this chapter has been to describe the 
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three dimensional fine structure of normal, fixed CPD 
cultured chick embryo connective tissue cells. This has 
been done with the particular aim of determining details 
of the form and arrangements of cytoplasmic filaments 
associated with the moving parts of the cell. Before 
starting to evaluate the significance of these results, ' it 
is extremely important to establish the fidelity of the 
fixation and CPD procedures used to preserve the native 
structures of the cell for electron microscopy. 
As mentioned earlier, a comparison of low power 
electron micrographs of fixed, CPD cells with phase contrast 
micrographs of living cells reveals a close resemblance 
between the two. The resemblance is strong in areas such 
as general cell shape, structure and disposition of organelles 
and stress fibres. Since the resolution of the light 
microscope is limited, no correlatjon can be made between 
high power electron micrographs and the phase contrast 
images of living cells. However , a comparison between 
the fine structural images of fixed CPD cells with the 
published images of cells processed for electron microscopy 
by conventional embedding and sectioning techniques reveals 
an extremely close correspondence . With respect to the 
cell ' s filament system, the following correlations can be 
made between the CPD and sectioned cells . 
(i) There is a close correspondence between 
the filament diameters in both CPD and 
sectioned cells . 
(ii ) The filament bundles observed in the 
cortices of fixed CPD cells bear an extremely 
close resemblance to those seen in 
sectioned cells (Buckley and Porter, 1967; 
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Goldman, 1971). 
(iii)The network of filaments found in the 
veils of CPD cells is similar to that 
observed in sectioned cells (Yamada, 
Spooner and Wessels, 1971; Spooner 
et al ., 1973; Wessels, Spooner and 
Luduena, 1973; Goldman et al. , 1976). 
(iv) The node-like structures which are 
shown to be attached to filaments at 
irregular intervals in CPD cells were 
also reported in sectioned cells (Buckley 
and Porter, 1967). 
Thus, it can be reasonably claimed that the procedures 
of fixation and CPD used in the present work have not 
produced any artefactual results which are not represented 
in the sectioned jmages . The significant advantage of 
CPD over sectioning for the present purpose is the 
possibility of readily acquiring a clear understanding of 
the three dimensional architecture of cultured cells. 
A detailed knowledge of the system of filaments, their 
distribution and the structures closely related to them is 
useful only if the relationship between the various filaments 
and the movements exhibited by differe~t parts of the cell 
can be established. Using the results described in this 
chapter and the previously published observations of 
subcellular movements, this can be achieved. The 
sub-plasmalemmal cytoplasm, which occupies the rapidly 
moving veil-like extensions of the cell margin, contains 
a fine meshwork of filaments cross-linked by node-like 
structures with fine tails. No other structures are seen 
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in this cytoplasm. In cultured macrophages,Axline and 
Reaven (1974) demonstrated the relationship between 
parallel sub-plasmalemrnal filaments and movements of plasma 
membrane such as phagocytosis. Hence, it seems highly 
likely that these sub-plasmalemrnal filaments are directly 
concerned with the rapid movements carried out by the veils. 
With respect to stress fibres (filament bundles), 
these may form and disappear according to the needs of 
cell motility. For example, it is believed that stress 
fibre formation is an essential feature of certain gradual 
processes such as the spreading of cultured cells (Goldman 
et al . 1976). However, with movie records taken at 2 
frames per second, Buckley and Porter (1967) showed that, 
compared with all other sub-cellular movements, the changes 
in stress fibre dimensions and positions are extremely 
-
slow. Nevertheless, the same authors also showed, with 
time-lapse movie records taken over periods of many hours, 
that the intracellular dispositions of stress fibres undergo 
major changes. 
In the sub-cortical cytoplasm, particulate organelles 
such as the mitochondria and lysosomes, which show active 
movements, are surrounded by a three dimensional network 
of filaments. In some instances it appears that these 
organelles are linked to the filaments through the 'node-like 
structures with fine tails. Buckley (1974) showed that 
hyper tonic solutions c a n arrest the movements of organelles 
within the cultured cells. Electron microscopic images 
of those cells revealed reduced numbers of sub-cortical 
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filaments which normally surround the organelle s. 
Thus, there appe ars to be a correlation be tween the 
p r e sence of filame nts in the sub-cortical region and 
various movements of organelle s which occur in this region. 
It is wide ly assumed that the various non-muscle c e ll 
moveme nts are brought about by actin-myosin based 
contractile interactions (Pollard and Weihing, 1974). 
This idea is supported by the presence of a large quantity 
of actin and a relatively small quantity of myosin in 
cultured chick embryo connective tissue cells (as shown by 
SDS polyacrylamide gel electrophoresis). However, if the 
cytoplasmic filaments are responsible for subcellular 
movements, the first and foremost task should be to localize 
these contractile proteins within the cell's filament 
system. As mentioned in Chapter 1, attempts have been 
made by others to l~calize contract~le proteins within 
various non-muscle cells (reviewed by Pollard and Weihing, 
1974). 
Immunofluorescence techniques have been applied to 
localize actin (Lazarides and Weber, 1974; Goldmen et al ., 
1975), myosin (We ber and Groeschel-Stewart, 1974) and 
a -actinin and tropomyosin (Lazarides, 1976). However, the 
precision of these localizations is limited to the 
resolving power of the light microscope. Identification 
of actin at the ultrastructural level was made possible by 
the HMM-labelling technique first develope d by Huxley (1963). 
Ishika wa, Bischoff and Holtzer (1969) applied this technique 
to localize actin in non-muscle cells. 
However, a compl e te picture of the distribution of 
filamentous actin in non-muscle cells has yet to be attained 
and, to date, there have been no precise techniques 
developed for the ultrastructural identification of the 
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other 'muscle' proteins. The future chapters of this thesis 
will be devoted to the examination of this problem. 
CHAPTER 4 - IDENTIFICATION AND LOCALIZATION OF F-ACTIN 
IN CYTOPLASMIC FILAMENTS: 
I. STUDIES USING HEAVY MEROMYOSIN 
INTRODUCTION 
Heavy meromyosin (HMM) is a proteolytic fragment of 
the myosin mole cule obta ined afte r trypt i c dige stion 
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(Szent-Gyorgyi, 1953). This fragment consists of the head 
and a portion of the tail of the myosin molecule (Fig. 1). 
As first demonstrated by Huxley (1963), when HMM is added 
to a preparation of F-actin, the head portions bind to the 
actin filaments in a regular manner resulting in the 
projection of the tails away from the filaments, the overall 
configuration r e sembling that of an in-line series of 
arrowheads (Huxley, 1963; Moore, Huxley and De Rosier, 
1970). To date, this technique provides the most specific 
marker for identifying actin filaments within cells. 
LMMtHMM 
Fig. l:Diagrammatic representation of myosin molecule 
showing th~ site of action (arrow) of trypsin 
which cleaves myosin into HMM and LMM fragments. 
HMM labelling was first used to localize actin 
filaments in non-muscle cells by Ishikawa, Bischoff and 
Holtzer (1969). These authors found that in non-muscle 
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cells , such as cultured fibroblasts, thin filaments (5-7 
nm in diameter) which predominated in the cortical regions 
of the cells labelled with HMM. Based on their diameter 
(identical to the thin (actin) filaments of muscle) and 
their ability to label with HMM, these were considered to 
be actin-containing filaments. However, most of the 
sub-cortical filaments, measuring 8-12 nm in diameter, 
(Ishikawa, Bischoff and Holtzer, 1968) were intermediate 
in size between the thin actin filaments and the thick 
myosin filaments of muscle and these intermediate filaments 
did not label with HMM. Accordingly these were considered 
not to contain actin. This finding was later confirmed 
by many other workers (e.g. Goldman and Knipe, 1973). 
Additional evidence which seemed to support this conclusion 
was also obtained from antibody-fluorescence studies 
(Hynes and Destree, 1978). Thus, there developed a 
widespread acceptance of the view that F-actin is present 
in the thin filaments of non-muscle cells but not in any of 
their intermediate-sized filaments. 
In the present study, it was decided to question 
whether F-actin might lie hidden within some intermediate 
filaments of cultured connective tissue cells for the 
following reasons. As seen in the sub-cortical cytoplasm 
of critical-point dried (Buckley and Raju, 1976; see also 
previous chapter), sectioned and negatively stained cells 
(Buckley, 1975) intermediate and thin filaments are connected 
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in the form of a three dime nsional network. In addition, 
tiny node-like' structures which may r e pre sent cytoplasmi c 
myosin (see chapte r 7 and also Buckley and Raju, 1976) 
are, in the non-myosin extracted cultured chick embryo 
fibroblast, attache d to intermediate as well as to thin 
filaments. 
To answer the question of whether or not some 
intermediate filaments contain actin it was decided to 
reinvestigate the binding of HMM to filaments within 
glycerinated myosin-extracted cultured chick embryo 
connective tissue-cells, by varying the conditions of 
treatment prior to the application of HMM. It was thought 
possible that the presence of some protein(s) on the 
surface of intermediate filaments could (if F-actin were 
present within) block the binding of HMM. With this 
possibility in 1niRd , glycerinated, myosin-extracted cells 
were given a mild pre-treatment with trypsin before the 
HMM labelling step. This was done in the hope that the 
trypsin would remove possible blocking proteins from the 
intermediate filaments, thereby exposing any underlying 
F-actin (known to be relatively trypsin insensitive 
(Tilney, 1977)) to the HMM. Purified muscle actin filaments 
and Mg 2+ paracrystals of actin were also labelled with HMM 
to obtain an appreciation of the binding pattern of HMM 
to both single actin filaments and to actin filaments in 
bundle s. It wa s hoped to utilize this knowledge in 
interpreting the r e sults obtained with HMM labelling of 
filaments occurring within the cell. 
The experimental results to be described in this chapter 
will be pre s e nte d in the follow i ng orde r: 
HMM La be lling of Purifie d Muscle Ac tin Fi l aments 
(a) 
(b) 
F-actin fil a me nts; 
2+ Mg para crystals of F-actin. 
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HMM La b e lling of Gl ycerina t e d, Myosin-extra c ted Ce lls 
(a) Ultrastructure of cells without HMM; 
(b) Ultrastructure of cells with HMM. 
HMM Labelling of Trypsin-treated, Gl ycerinated, 
Myosin-ex tra cted Ce lls 
(a) Ultrastructure of cells without HMM; 
(b) Ultrastructure of cells with HMM. 
RESULTS 
HMM Labelling of Purified Muscle Actin Filaments 
(a ) F- actin filaments : The appearance of unlabelled 
muscle F-actin filaments is illustrated in Fig. 2. The 
filaments are long and occur both singly and, associated 
together, in a multistranded form. Single filaments 
measure ~ 6 nm in diameter. When treated with HMM (for 
details of tre atment, see Chapter 2, p. 43) all the 
filaments became decorated. At very low magnifications 
such decorated filame nts appeared increased in thickness 
and some what fu z zy in outline. With higher magnifications, 
as shown in Fig . 3, th is fu zz i ne ss c o uld be r e solve d a s 
distinct arrowhe ads. These arrowheads have a regular 
periodicity of approximately 37 nm. 
{b ) Mg 2+ paracrystals of F- actin : As known from the work 
Fig. 2: Electron micrograph of a negatively stained 
preparation of purified skeletal muscle F-actin. 
The filaments occur either singly or in a 
multistrande d form. Single filaments measure 
~ 6 nm in diameter and when filaments are in a 
multistranded form they measure up -to 21 run. 
X 72,000. 
The inset shows an SDS polyacrylamide gel 
electrophoretic profile of a sample used in the 
above ultrastructural study. Samples were run on 
a 10% gel at a constant current of 34 mA using 
the methods described in Chapter 2 (p.54). 
Fig. 3: Electron micrograph of negatively stained 
preparation of F-actin treated with HMM (for 
methods, see Chapter 2, p.43). The filaments 
no longer appear smooth, but show arrowhead 
formations. This arrowhead pattern is caused 
by the more or less constant angle of attachment 
of HMM to the underlying actin filaments (arrows). 
The periodicity of arrowheads is~ 37 run. 
X 119,000 
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of Hanson (1973), an increase in Mg 2+ concentration above 
~ 20 mM results in side to side alignment of actin filaments, 
the subunit cross over points of which may then occur in 
register (Fig. 4 inset). The number of filaments present 
within each single paracrystal varies greatly. As 
illustrated in Fig. 4, branching of paracrystals may occur 
through separations of the F-actin strands within the 
paracrystal bundles. 
2+ When Mg paracrystals are treated with HMM (Fig. 5) 
it is not possible to resolve individual arrowheads because 
of the close packing of filaments with resultant overlapping 
of arrowheads. However, towards each end of the 
paracrystals, where the filaments diverge away from one 
another, the arrowhead pattern can be clearly appreciated 
(Fig. 6). 
HMM Labelling of Glycerinated, Myosin-extracted Cells 
(a) Ultrastructure of cells without HMM: The fine structure 
of glycerinated, myosin-extracted cells is described in 
detail in Chapter 7 which deals with the localization of 
myosin. In that chapter, however, the descriptions are 
applied to cells processed for electron microscopy by 
critical-point drying. Here, descriptions will be based 
on the structure of glycerinated, myosin-extracted cells 
which have been negatively stained. This is because it 
was established that the negative staining procedure, 
unlike critical-point drying, provided a sensitive indication 
of HMM labelling of actin filaments within cells. Figs. 
7 and 8 illustrate different regions of glycerinated, 
myosin-extracted cells which have been negatively stained. 
Fig. 4: 
Fig. 5: 
Fig. 6: 
Mg 2+ paracrystal of F-actin (prepared as described 
in Chapter 2, p .43) showing the side by side 
alignment of actin filaments . The paracrystals 
are generally long and , by splitting, aggregates 
of actin filaments sometimes diverge away to form 
branches (arrow). Inset shows the crossing-over 
points of the actin subfilaments occurring in 
register (arrowheads) which are associated with the 
close side by side alignment of actin filaments. 
This arrangement gives a regular periodicity to 
paracrystals. X 91,000; inset X 183,000 . 
2+ When the Mg paracrystals of F-actin are treated 
with HMM, the filaments no longer appear smooth 
as in the control (Fig. 4). However, although 
there is a strong suggestion of binding of HMM 
to filaments within the paracrystal (arrows), 
individual arrowheads cannot be clearly resolved . 
X 45,000. 
Towards each end of HMM-treated paracrystals 
where the filaments are more loosely packed the 
HMM-binding, with resultant arrowheads, is more 
distinctly seen. (arrows). X 108,000 . 
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Fig. 
Fig. 
7:Electron micrograph of a negatively stained 
preparation of a glycerinated , myosin extracted 
cell (for methods, see Chapter 2, p.32) showing 
the highly motile veil-like extension of the 
cell margin. A finger-like microvillus (mv) 
can be seen projecting out from the veil. The 
filaments (f) in the veil measure 4-7 nm in 
diameter. Here they are arranged in the form 
of a loose network. The microvillus contains 
a dense core of more or less closely aligned 
4-7 nm filaments. X 70,000 
8:Electron micrograph of a portion of a negatively 
stained, glycerinated, myosin-extracted cell 
showing the arrangement of filaments in the 
deeper cytoplasm. Filament bundles (fb) 
consisting of 4-7 nm diameter thin filaments 
can be seen. Intermediate filaments (if) 
measuring 7 -11 nm in diameter are meandering 
through the cytoplasm between the bundles. 
This micrograph also shows degenerating 
microtubules (mt). Microtubules are not 
commonly seen in glycerinated, myosin-extracted 
cells because these procedures are carried 
out at 4°C. x 70,000. 
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In Fig . 7 , the arrangement of filaments within the highly 
motile veil-like extension of a cell i s depicted. Such 
veils contain thin fil aments , 4-7 nm in d i ame ter , which 
are arranged in the form of a loose meshwork. A loose 
bundle of these filaments forms the core of microvilli. 
Fig. 8 shows a portion of another glycerinated, 
myosin-extracted cell . Here there are several cortical 
filament bundles, consisting of parallel arrays of 4-7 nm 
thin filaments, separated by loosely arranged intermediate 
(7-11 nm) filaments . These intermediate filaments branch 
and anastomose with one another to form a network. The 
true nature of this branching is revealed only by 
stereoscopic viewing of critical-point dried cells (see 
Chapter 7). Microtubules are occasionally present, but 
here they are not long and continuous as in normal cells. 
(b) Ul tra s t r ucture o f ce lls with HMM: The HMM labelling 
pattern found was similar to that obtained by other workers 
(Ishikawa, Bischoff and Holtzer, 1969; Allison, Davies and 
De Petris, 1971; Goldman and Knipe, 1973). As shown in 
Fig. 9 , almost all filaments in the veil labelled with HMM 
and individual arrowheads can be easily appreciated. 
However, in the case of filament bundles, even though the 
filame nts within the bundles show definite binding, it is 
hard to distinguish individual arrowheads because of tight 
packing of filaments within the bundles (Fig. 10). The 
striking f e ature is the absence of labe lling of intermediate 
filame nts lying in be tween the bundles. These intermediate 
filaments appear smooth, as in the control (non-HMM treated) 
Fig. 9: Electron micrograph showing the veil of a 
glycerinated, myosin-extracted cell which has 
been treated with HMM (for methods, see Chapter 
2, p.33) . Cell margins (cm) and filament 
bundles (fb) form the boundaries of the veil. 
Almost all the filaments in the veil are 
labelled with HMM. While most of the filaments 
appear fuzzy, arrowhead patterns can be clearly 
seen in some areas (arrows). X 70,000. 
' I 
Fig. 10:Electron micrograph showing a portion of a 
glycerinated, myosin-extracted cell which has 
been treated with HMM. The filaments present 
within the bundles (fb) show binding of HMM 
and hence they appear fuzzy. In a few areas, 
the arrowhead pattern can be clearly seen 
(arrows). The most interesting feature is the 
non-binding of HMM by intermediate filaments 
(if). These filaments appear smooth as in 
the control cells (cf. Fig. 8). X 70,000. 
.'' 
cells. 
HMM Labe lling of Trypsin-tre ated, Glyc e rinate d, 
Myosin-extracted Cells 
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(a ) Ul t r a s t ruc t ure o f c e l l s wi t hout HMM : As illustrated 
in Fig. 11, the mild trypsin treatment does not result in 
the loss of intermediate filaments. The characteristic 
meandering intermediate filaments running in between the 
bundles, appearing as in non-trypsin treated cells, are 
still obvious in these trypsin treated cells. The 
continued presence of thin filament bundles and other 
features of intermediate filaments (branching and a wide 
range of diameters) are as seen in non-trypsin treated cells. 
Because of reports that intermediate filaments disappear 
altogether from some types of cell when treated with 
proteolytic enzymes (Small and Sob~eszek, 1977), it was 
decided to investigate in more detail possible effects of 
trypsinization on the diameters and numbers of intermediate 
filaments in the connective tissue cells being studied. 
To do this, the diameter distributions of sub-cortical 
filaments in a group of glycerol myosin-extracted cells 
were compared with those in a group which had received the 
additional trypsin treatment. Filaments from each group 
were measured without subjective bias by withholding the 
identity of micrographs from observers (Buckley, Raju and 
Stewart, 1978). Filaments for measurement were selected 
randomly by dropping a template with holes onto each print. 
The resulting diameter distributions of the filaments 
are presented in the histograms (Fig. 12). Statistical 
Fig. 11: Portion of a negatively stained cell which was 
gently trypsinized after glycerination and myosin 
extraction (for methods, see Chapter 2, p.34). 
The cell margin (cm) and filament bundles (fb) 
are easily identifiable . In addition to these 
features, the meandering 7-11 nm diameter 
intermediate filaments (if) are clearly 
distinguishable. They show a close resemblance 
to the intermediate filaments seen in non-
trypsinized cells (cf. Fig . 8). X 70,000. 

Fig. 12: Histograms of filament diameters. 
{a) Cytoplasmic filaments without trypsin 
treatment. 
(b) Cytoplasmic filaments after trypsin 
treatment. 
{c) Rabbit skeletal muscle F-actin. 
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analysis of this data indicate d that these histograms 
were different (P < 0.01, x2 test) and that the trypsin 
treatment had reduced the mean filament diameter by ~ 7%. 
However, the overall distribution was very different from 
that obtained from actin filaments alone (P < 0.001, x2 test). 
Accordingly, these results showed that although the 
i ntermediate filaments had been altered by the trypsin 
treatment, they had not been eliminated. 
Assuming that the cells contain only two size classes 
of filaments, the 4-7 nm thin filaments and 7-11 nm 
intermediate filaments, one can estimate the relative 
proportions of thin and intermediate filaments present in 
each group by treating each histogram as a sum of two 
normal distributions. By fitting this model to the 
histograms by a non-linear least squares method, it was 
-
estimated that the intermediate filaments comprised 74 % 
( ± 7%) in trypsinized cells and 79% (± 7%) in the control 
group of cells of the total filament population. While 
it is cautioned that these estimates may be subject to 
uncertainty associated with the modelling procedure, they 
do offer a further indication that the proportion of 
intermediate filaments had not changed radically as a 
result of trypsin treatment. 
(b ) Ul tra s tructure o f ce lls with HMM : Trypsin treatment 
prior to HMM l a be lling ha d a dramatic effect. The 
labelling was distinct on virtually all filaments. As 
Fig. 13 indicates, as before, the parallel thin filaments 
lying in the bundles are labelled with HMM. However, the 
Fig. 13: Electron micrograph of a portion of a cell which 
was treated with HMM after trypsinization. All 
filaments are labelled with HMM: not only the 
filaments in bundles but also the long intermediate 
filaments meandering between the bundles show 
clear arrowhead patterns (cf . Fig. 10). X 54,000. 
•''; 
most striking feature is the labelling of the diversely 
oriented filaments of the sub-cortical cytoplasm which 
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show clear arrowhead patterns. The distinctness of this 
binding is illustrated in a higher magnification micrograph 
(Fig . 14). It is not uncommon to see a labelled intermediate 
fi lament dividing to form two branches, both of which are 
also clearly labelled with HMM (Buckley, Raju and Stewart, 
1978 ). 
To obtain a more quantitative appreciation of the 
i ncrease in the proportion of filaments exhibiting HMM 
l abelling after the trypsin treatment, a protocol similar 
t o that employed to investigate c~anges in filament diameter 
was used. Using a sampling template, 20 filaments were 
selected from each of 10 micrographs taken from trypsin-
treated and non-trypsin-treated groups of cells. Filaments 
were categorized according to whether or not they bound 
HMM . In the control (untrypsinized) cells, 113 filaments 
were HMM-labelled and 87 were unlabelled. By contrast, 
i n the trypsin-treated cells, 195 filaments labelled and 
only 5 did not. This difference is significant at the 
0.01% level ( x 2 test). 
DISCUSSION 
The major conclusion of the above-described 
experime nts is that in cultured chick embryo connective 
tissue cells not only do all the thin filaments (present in 
the sub-plasmalemmal cytoplasm and cortical bundles) contain 
F-actin but so also do most of the inte rmediate filaments in 
•''1 
Fig. 14:A higher magnification electron micrograph of 
a cell, which was subjected to the same 
treatments as that shown in Fig. 13, showing 
the labelling of all filaments. The 
characteristic arrowhead pattern is clearly 
recognizable. X 76,000. 
·'·, 
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t he sub-cortical cytoplasm. The reasons for arriving 
a t this conclusion are as follows: 
(1) The 7-11 nm diameter sub-cortical intermediate 
f ilaments , which show very little or no labelling in non-
t rypsin-treated cells, show characteristic labelling in 
t rypsin-treated cells. 
(2) Control preparations showed that the trypsin treatment 
i tself had no significant effect in eradicating these 
f ilaments , since this treatment allowed the survival of 
t he great majority of intermediate filaments. 
The labelling of 4-7 nm diameter thin filaments is 
an expected result, as many worke~s (e.g. Ishikawa, Bischoff 
and Holtzer, 1969; Allison, Davies and De Petris, 1971; 
Goldman , 1975) have reported this previously. Hence, the 
conclusion that F-actin is present in the thin filaments 
is simply consis!ent with the findings of others. However, 
the labelling of intermediate-sized filaments with HMM 
is a totally new and unexpected result. Because of the 
known highly specific affinity between HMM and actin 
(Huxley, 1963), the only explanation of the present results 
which seems possible is that in cultured chick embryo 
connective tissue cells, most of the intermediate filaments 
contain F-actin. This observation that intermediate 
filaments label with HMM differs from that of Ishikawa, 
Bischoff and Holtzer (1969) and Goldman and Knipe (1973). 
However , it should be stressed that the positive result of 
HMM labelling of intermediate filaments reported here 
occurred only after trypsin pre-treatment, a situation not 
Previously explored by other investigators. 
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A possible explanation of this result is that trypsin 
degrades intermediate filament accessory protein(s) which 
normally block the binding of HMM to underlying actin 
fi laments. This interpretation has led to the proposal 
of a model for intermediate filament structure based on 
the idea of a multistranded (~ 2-5) F-actin core associated 
with accessory proteins (Buckley, Raju and Stewart, 1978). 
The finding that purified muscle F-actin by itself can 
form multistranded arrays which branch and anastomose with 
one another (see Fig. 2 in this chapter) supports the 
feasibility of the model as far as the polymerized structure 
of actin is concerned. Some sort of multistrandedness 
within the cell's sub-cortical filament system is 
suggested by the variable widths of the intermediate 
filaments (Ishikawa, Bischoff and Holtzer, 1968) and by 
the anastcmosin~ of intermediate filame~ts, including the 
branching of thin filaments from intermediate filaments 
(Buckley and Raju, 1976). 
Blocking of actin filaments from labelling with HMM 
by accessory proteins is not a new finding. Tilney (1975) 
found that in the acrosomal process of Limulus sperm, a 
specific protein associated with F-actin can have such an 
HMM-blocking effect . These r esults are extremely important 
because the molecular weight of the HMM blocking protein in 
Limulus (55,000 - - ) is very similar to the major protein 
found to be characteristic of intermediate filaments in 
many types of vertebrate non-muscle cells (Gordon, Bushnell 
and Burridge, 1978; Starger et aZ ., 1978) . The 
association between actin and interme diate filament-spe cific 
91 
accessory protein(s) is also suggested by the work of 
others showing that whenever attempts were made to isolate 
intermediate filament proteins, actin copurifie d (Lazarides 
and Hubbard, 1976; Starger and Goldman, 1977; Lehto, 
vertanen and Kurki, 1978; Franke et al ., 1978). It 
should be stressed, however, that actin might not have any 
ro le to play at all in the composition of the intermediate 
fi laments of cells such as neurones (Shelanski, Yen and 
Lee , 1976). In some cells (e.g. chicken gizzard smooth 
muscle) actin may be present in the intermediate filaments, 
but not necessarily in a filamentous form (see Chapter 7). 
Accordingly , it will be necessary to investigate the 
intermediate filaments of each type of cell to determine 
which contain actin and which do not and, of those that 
contain actin, whether or not it occurs in the F-actin form. 
Most of the- recent work on structural analyses of 
intermediate filaments is based on immunofluorescence 
studies involving antibodies (Blose, Shelanski and Chacko, 
1977 ; Osborn, Franke and Weber, 1977; Hynes and Destree, 
1978 ; Gordon, Bushnell and Burridge, 1978). The results 
of these studies convincingly demonstrate that the 
characteristic fluorescence of intermediate filaments in 
non-muscle cells is obtained due to the reaction between 
antibodies and intermediate filament-specific protein(s) 
other than actin . Actin antibodies do not react with 
intermediate filaments. At first sight these results 
might suggest that there is no actin in the intermediate 
filaments. However, to obtain fluorescence, the antibodies 
need to react only with some superficial protein components 
of intermediate filaments. Thus, in an intermediate 
f ilament, if a central core of F-actin is hidden by 
i ntermediate filament-specific accessory proteins, actin 
ant ibodies would not be expected to gain access to the 
central F-actin core. Hence it is not surprising that 
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t he characteristic immunofluorescence p~ttern of intermediate 
f ilaments is obtained only with antibodies raised against 
intermediate filament-spe cific proteins, not against actin. 
Accordingly, the results obtained from immunofluorescence 
studies may be reconciled with the results described in 
t his chapter. 
Although HMM labelling is the best method available 
t o identify F-actin (Huxley, 1963), caution should be 
observed in concluding that all filaments which exhibit 
HMM labelling existed before HMM treatment. This is 
because HMM is known to induce polymerization of G-actin 
into filaments (Yagi et al ., 1965). These filaments could 
then decorate with HMM. While unbound G-actin would be 
wa shed out of the cells by the procedure of glycerination, 
myosin-extraction (which involves several washes), there 
may still be some tiny quantities of monomeric or short 
oligomeric actin present within the cells. The only way 
t o overcome this problem, as suggested by Huxley (1973), 
is to establish whether labelled filaments present in 
HMM-treated cells occur in the same regions and in similar 
numbers in non-HMM treated control cells. This was found 
to be true in the present studies. Accordingly, it can 
be argued that it is extremely unlikely that the filaments 
Which were interpreted as labelle d intermediate filaments 
a re simply the products of HMM-induced polymerization of 
G-actin. 
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A role for intermediate filaments in organelle 
movement has been suggested because of the association 
between intermediate filaments and organelles such as 
mi tochondria (Starger and Goldman, 1977). If the 
mechanical force for organelle movement is based on an 
ac tomyosin system, then a core of F-actin within 
intermediate filaments could be functionally meaningful 
(Buckley , Raju and Stewart, 1978). The accessory proteins 
could be involved in regulating the actomyosin interaction 
by blocking and unblocking the myosin binding sites on 
actin filaments. 
Another way in which actin within intermediate 
filaments might be functionally meaningful is in the 
maintenance of tne three dimensional shape of the cell. 
Although it has long been recognized that much filamentous 
actin occurs in the cell cortex (Ishikawa, Bischoff and 
Holtzer , 1969), it has been assumed that relatively little 
exists in the deeper cytoplasm. The results presented 
above , indicating a core of F-actin within many sub-cortical 
filaments, support the view (Pollard, 1976a) that there may 
exist , throughout the cytoplasm of some cells, a supporting 
actin-based network which is important for cell shape 
determination. 
Future work has to be done in the following areas to 
investigate the possibility that F-actin forms the basis 
of the intermediate filaments in some other non-muscle 
cells: 
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(1) Determining the effect of gentle trypsin-treatment 
on intermediate filaments biochemically, using SDS 
polyacrylamide gel electrophoresis of cells with and 
without tryps in treatment; 
(2 ) Carrying out immunofluorescence staining of trypsin-
treated cells using actin-specific antibodies to 
de termine whether such treatment could result in the 
s taining of intermediate filaments; 
(3 ) Using techniques other than HMM labelling to demonstrate 
that F-actin is present in intermediate filaments (see 
nex t chapter); 
(4 ) Demonstrating by in vitro model experiments how the 
intermediate filament-specific proteins of various cell 
type s can associate with F-actin to form intermediate 
fi laments and, in so doing, block HMM binding; 
(5 ) Investigati~g the nature of intermediate filaments 
in many other types of cells using the modified HMM 
labelling technique described in this chapter . 
CHAPTER 5 - IDENTIFICATION AND LOCALIZATION OF F-ACTIN 
IN CYTOPLASMIC FILAMENTS: 
II. STUDIES USING DNAase I 
INTRODUCTION 
HMM labelling of filaments in cultured chick embryo 
connective tissue cells under various conditions, as 
de scribed in the previous chapter, has indicated that 
most of the 4-11 nm diameter filaments which permeate 
t he cytoplasm, either in bundles or networks, contain 
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actin . To gather collateral evidence which might support 
this finding, it was decided to apply a technique other than 
HMM labelling to localize actin. 
A survey of the relevant literature revealed that 
bovine pancreatic deoxyribonuclease I (DNAase I) depolymerizes 
muscle F-actin in a highly selective manner (Hitchcock, 
Carlsson .?.nd Lincberg, 1975 and 1976; lliannherz et al. 1975). 
DNAase I, an endonuclease, was first isolated and crystallized 
from bovine pancreas by Kunitz in 1948 (Kunitz, 1950). It 
is a glycoprotein with a molecular weight of 31,000 daltons. 
As early as 1949 it was known that eukaryotic cells contain 
a protein that strongly inhibits DNAase I (Dabrowska, 
Cooper and Laskowski, 1949; Cooper, Trautmann and 
Laskowski, 1950). Subsequently, it was found that the 
primary structure of this inhibitor was closely related 
to muscle G-actin (Lazarides and Lindberg, 1974). The 
extremely tight binding of G-actin to DNAase I (Ka of 
inhibitor for DNAase I is about 1010M-l (Berger and May, 
1967)) argues that the interaction between G-actin and 
DNAase I is highly specific. 
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Later Hitchcock, Carlsson and Lindberg (1976) found 
t hat F-actin can also interact with DNAase I, resulting 
i n the inhibition of DNAase I activity and the depolymerizat ion 
of the F-actin. These authors also analysed the DNAase I: 
F-actin interaction by electron microscopy and found that 
t here was an initial thickening of filaments, followed by 
t he formation of lateral protuberances. They also 
noticed the presence of shorter filaments suggesting that 
fragmentation might occur as part of the depolymerization 
process. Two hours after the addition of DNAase I to 
F-actin, when the depolymerization of F-actin was almost 
completed (as determined by viscometry), there was a 
background of globular protein, with occasional large 
aggregates which the authors interpreted as agglomerated 
G-actin:DNAase I complexes. From this experiment, it 
was concluded that DNAase I causes depolymerization of 
actin filaments by attacking over their entire length 
rather than only at their ends. It should be stressed 
here that the depolymerization of F-actin is caused not by 
any enzymic action of DNAase I but that it is due to 
stereo-specific binding between each DNAase I molecule and 
each G-actin monomer within the F-actin filament, this 
resulting in the breakage of inter-monomeric links. 
Regulatory proteins such as troponin and tropomyosin, 
which are normally associated with F-actin in skeletal 
muscle, slow down but do not prevent this in vitro 
depolymerization of F-actin (Hitchcock, Carlsson and Lindberg, 
1976). 
Stimulated by these findings, it was decided to see 
whether DNAase I would also interact with actin filaments 
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in non-muscle cells to bring about their depolymerization. 
cel ls u sed for this purpose were glycerinated and myosin-
extracted so that they would be permeable to DNAase I. 
I t was a lready known that such extraction procedures 
preserved the 4-11 nm filaments in the bundles and networks 
(Buck ley and Raju, 1976). 
Before attempting to study the effect of DNAase I on 
fi laments within the cell, it was decided to do experime nts 
s imilar to those done by Hitchcock, Carlsson and Lindberg 
(1 976) on muscle F-actin: 
(i) to study the fine structural stages 
involved in the depolymerization of 
muscle F-actin, 
(ii) to determine the morphological 
differences, if any, between the 
depolymerization stages of single 
F-actin filaments and those of Mg 2+ 
paracrystals of F-actin, and 
(iii) to establish that the batch of DNAaseI 
to be used in the cell experiments 
was effective in depolymerizing 
filaments of muscle F-actin. 
The use of DNAase I as a probe to localize actin 
filaments in cultured cells was first shown by Raju, 
Stewart and Buckley (1978) who demonstrated the r emova l 
of fil ame nts in the sub-plasmalemmal region, i.e . filaments 
already widely believed to contain actin on the basis of 
HMM decoration experiments (Allison, Davies and De Petris, 
1971). However, once the success of the application of this 
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me thod to cells was established, further experime n t s were 
carrie d out to show that DNAase I can be u sed as an 
ef f e ctive tool to identify actin-containing filame nts in 
other regions of the cytoplasm as well. It should be 
str e ssed that when this technique is carried out as an 
ad junct to HMM binding experiments, the combined evidence 
become s more compelling. 
The results in this chapter are grouped as follows: 
(a ) Ultrastructure of negatively stained F-actin with 
a nd without DNAase I treatment; 
(b) 2+ Ultrastructure of Mg paracrystals of actin with 
and without DNAase I treatment; 
(c) DNAase I action on sub-plasmalemmal filaments of 
g lycerinated, myosin-extracted cells; 
(d) DNAase I action on cortical and sub-cortical (deeper) 
f ilaments; 
(e) SDS polyacrylamide gel electrophoretic analysis of the 
DNAase I extract. 
RESULTS 
(a ) Ultra s tructure of negatively stained F- actin with 
and without DNAase I t r eatment : F-actin was treated with 
DNAas e I for 2 hours at room temperature (for details, see 
Chapter 2, P . 4 4 ). Careful control s were c a rried o u t i n 
conjunction with all the se F-actin:DNAase I experiments 
to determine whether the structure of F-actin is altered 
simply by standing at room t emperature. For this, a 
sample from the same batch of F-actin used in the DNAase I 
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experiments was kept for 2 hours at room temperature. At 
the end of this period it was prepared for electron 
miscrocopy by negative staining. Electron micrographs 
of this material show elongate filaments, ~6 nm in diameter, 
wh ich have the characteristic substructure of F-actin 
(F ig. 1). This finding indicates that the actin structure 
is not affected by temperature alone. 
By contrast, when F-actin was treated with DNAase I 
f or 2 hours at ·room temperature, the actin filaments were 
depolymerized in a way similar to that reported by 
Hitchcock, Carlsson and Lindberg, (1976). Here, one 
can describe four different stages in the depolymerization 
of F-actin. 
(i) 
These stages are as follows: 
In the first stage, even though the 
filaments remain intact, their surfaces 
appBar rough, as if due to the attachment 
of tiny globules of material. This 
attachment seems to be regular in some 
areas but not so in others (Fig. 2). 
The occasional periodicity of attachment 
can be distinguished readily from the 
arrowhead formations obtained after HMM 
treatment. 
(ii) In the next stage the filaments appear to 
be swollen and noticeably variable in 
dia mete r (Fig. 3). 
(iii) In the third stage (Fig. 4), the swollen 
filaments show more pronounced lateral 
protuberances. Subsequently the swollen 
filaments begin to break up and large 
Fig. 1: Electron micrograph of a negatively stained preparation 
of purified skeletal muscle F-actin showing long 5-7 nm 
diameter filaments . As a control for the DNAase I 
experiment, this particular preparation of F-actin was 
left standing at room temperature for 2 hours. As 
illustrated in the micrograph , this procedure had no 
discernible effect on the structure of actin filaments. X 126,000. 

Fig. 2: Electron micrograph of a negatively stained 
preparation of F-actin which has been treated with 
DNAase I for 2 hours at room temperature (for methods, 
see Chapter 2, p.44). Several long filaments (f) 
are seen. The surface of some filaments appears 
rough, as if du e to the attachment of some globular 
material (arrows). In the same field there is a 
short filament which looks completely different from 
the surrounding filaments by its heavy decoration 
with amorphous material. X 70,000. 
Fig. 3: Electron micrograph showing F-actin filaments which 
were treated with DNAase I in the same fashion as 
those shown in Fig. 2. Most of the filaments (f) 
in this field appear swollen and have associated with 
them globular excrescences (arrows). However, there 
are a few filaments which are thin and resemble those 
in Fig. 2. X 70,000. 
Fig. 4: Electron micrograph of a negatively stained F-actin-
DNAase I preparation showing a swollen actin filament 
(f) exhibiting lateral globular protuberances 
(arrows). The filament is no longer continuous. 
Towards one end , the filament structure is completely 
lost and a large electron-dense aggregate is formed. 
X 70,000. 
Fig. 5: In this figure no filaments can be observed. Only 
a large, densely staining, complex of aggregated 
globular material is present . X 70,000. 
,'• f 
amorphous aggregates are formed, this 
leading to the next stage. 
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(iv) Finally, in the fourth stage (Fig. 5) the 
filamentous nature is completely lost and 
irregular masses of globular material, 
presumably made up of G-actin:DNAase I 
complexes (Hitchcock, Carlsson and Lindberg, 
1976) are seen. 
For reasons which are not completely understood, it is 
noteworthy that all of these four stages may often be seen 
within a single preparation. 
(b) Ultras t ructure of Mg 2+ paracrystals of actin with and 
wi thout DNAa s e I tr eatment : As with the F-actin control, in the 
2+ 
absence of DNAase I, the structure of Mg paracrystals of 
actin is not altered simply by standing at room temperature 
for 2 hours (Fig. 6). By contrast, when incubated in the 
presence of DNAase I for 2 hours at room temperature, the 
structure of the paracrystals is grossly altered and the 
constituent filaments become completely covered with 
globular aggregates (Fig. 7). However, complete loss of 
structure (which was witnessed in some instances in the case 
of single F-actin filaments after treatment with DNAase I 
for 2 hours) did not occur in the case of the Mg 2+ paracrystals. 
Indeed it took two to three times as long for Mg 2+ paracrystals 
to undergo a compara ble d e gree of depolyme rization than it 
did for the single F-actin filaments, when both were treated 
with DNAase I simultaneously. 
.' ' ~ 
Fig. 6: Mg
2
+ paracrystals of F-actin which have been negatively 
stained after being kept at room temperature
2
for 2 
hours as a control for DNAase I action on Mg 
paracrystals. As the micrograph shows, the paracrystal 
structure of actin is not affected by this standing at 
room temperature. The filaments, which occur tightly 
packed within the paracrystals, do not show any 
lateral protubera nces and are not covered by any 
globular material. X 45,000. 
Fig. 7: After 2 hours of treatment with DNAase I at room 
temperature, the paracrystals are completely covered 
with globular aggregates (arrowheads). In some 
instances , the paracrystals are broken into smaller 
fragments &nd the filaments within the pctracrystals 
are no longer identifiable. X 50,000. 
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(c ) DNAa s e I act ion on sub-pl asma l emma l fi lame n ts o f 
g lycerinated , myosin - extr acte d c el ls: As mentione d in 
t he introduction to this chapter, the action of DNAase I 
on sub-plasmalemmal filaments was first examined in 
r elation to d e v e loping a method for the selective 
extraction of a ctin-containing filaments (Ra ju, Stewart 
a nd Buckley, 1978). Fig. 8 shows a typical view of the 
s ub-plasmalemmal region of a control cell, i.e. one which 
has been glycerinated and myosin-extracted but not treated 
with DNAase I. Large numbers of thin (4-7 nm) filaments 
occupy the veil-like extensions of the cell margin and, 
except where gathered into narrow bundles which occupy the 
cores of microvilli, the arrangement of these filaments is 
essentially random, so that they form a loose meshwork. 
As one moves dee per into the cytoplasm, some filaments 
are seen ~n the f.orm of elongate bundles. Such filaments, 
within the veil-like extensions of cells are known to bind 
HMM, indicating that they contain actin (Allison, Davies 
and De Petris, 1971; see also previous chapter). 
After treatment with DNAase I for 2 hours at room 
temperature and overnight at 4°C (for method, see Chapter 2, 
p.35), the earliest and most striking change within the veil 
involves the loose meshwork of sub-plasmalemmal filaments. 
These disappear almost completely (Fig. 9). Filaments 
which were gathe red into microvillus bundles take longer 
to d e polyme ri ze . At this e a rly stage the filame nts in 
the bundle s are characterized by the presence on their 
surfaces of amorphous protuberances which closely rese mble 
those observed on actin filaments at Stage (iii) of their 
depolyme ri zation after treatme nt with DNAase I (Fig. 4). 
Fig. 8: Electron micrograph of the sub-plasmalemmal regicn 
of a fixed and negatively stained cell which has been 
glycerinated and myosin-extracted before fixation 
(for methods, see Chapter 2, p.32). The cell was 
not treated with DNAase I and thus serves as a control 
for the DNAase I-treated cell. Large numbers of 
4-7 nm diameter filaments (f} occupy the veil-like 
extension (v) of the cell margin. The arrangement 
of filaments is essentially random, forming a loose 
meshwork, except where gathered into bundles which 
occupy the core of a microvillus (mv). Deeper to 
the veil, some filaments are arranged in the form of 
elongate bundles (fb). X 70,000. 
Fig. 9: Electron micrograph of the sub-plasmalemmal region 
of a cell after treatment with DNAase I (for Methods, 
see Chapter 2, p.32). Note the complete absence of 
the loose meshwork of filaments in the veil (v). 
Narrow bundles at this stage are transformed into 
linear aggregates of amorphous material with 
excrescences (arrows) which have developed on the 
filaments. X 70,000 
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Fig. 10 is also a DNAase I treated cell, which shows the 
absence of most of the sub-plasma lemma l filaments but the 
few which remain are increased in diameter in an irregular 
fashion, indicating the likelihood that initial swelling 
of filaments similar to that occurring in muscle F-actin 
during the process of depolymerization may also occur in 
these sub-plasmalemmal filaments. 
(d) DNAase I action on cortical and sub-cortical (deeper) 
filam ents : Filaments in the cortical region are arranged 
in parallel, in the form of long bundles and sheets 
(Buckley and Porter, 1967; Buckley, 1975; see also Fig. 8). 
These filaments are 4-7 nm in diameter and are known to 
decorate with HMM, indicating that they contain actin 
(Ishikawa, Bischoff and Holtzer, 1969). When treated with 
DNAase I, although the bundles have not completely 
disappeared, many filaments within the bundles are 
completely transformed to a series of linear aggregates 
of amorphous material (Fig. 11). In some cells the 
bundles have completely disappeared. 
The great majority of filaments in the sub-cortical 
or deeper cytoplasm is of 'intermediate-size' (7-11 nm) 
(Ishikawa, Bischoff and Holtzer, 1969; Goldman and Knipe, 
1973). When treated with DNAase I, all the sub-cortical 
filaments disappeared completely (Fig. 11). Because there 
is much inde pe ndent evidence showing the actin nature of 
filaments in the sub-plasmalemmal region and in the 
cortical bundles, the results obtained for those filaments 
were expected, but a similar interpretation for the 
sub-cortical intermediate filaments, which were believed 
Fig. 10:Sub-plasmalernrnal region of another cell treated 
similarly to the one shown in Fig. 9, illustrating 
the absence of most of the filaments in the veil (v). 
The few filaments (f) which are present are swollen 
in diameter (~15 nm) and appear similar to the 
DNAase I-treated actin filaments shown in Fig. 3. 
Dense staining complexes (c) are also seen in this 
region. X 70,000. 

Fig. 11:A portion of a glycerinated and myosin-extracted cell 
treated with DNAase I (using the same procedure as 
used in the cells depicted in Figs. 9 and 10) . The 
filaments in the veil (v) and sub-cortical (sc) 
regions have all disappeared. However , the cortical 
filament bundles (fb) have not disappeared completely . 
Nevertheless, the filaments within the bundles are 
neither continuous nor readily identifiable as 
filaments. Only linear aggregates of globular 
material are seen. X 70 , 000 . 
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to be non-actin in nature (Ishikawa , Bischoff and Holtzer, 
1969; Starger and Goldman, 1977) had to be questioned. 
Therefore, it was asked whether intermediate-sized 
filaments were lost due to depolymerization or whether they 
were simply washed out of the cells as intact filaments 
after losing their attachment with membranes (which could 
be through associated actin filaments). If it could be 
shown that the intermediate filaments were lost by 
depolymerization then (because of the known selectivity of 
DNAase I for actin), it could be safely concluded that 
intermediate filaments too contain F-actin. 
In order to find out which interpretation was correct, 
the cells were treated with DNAase I for a shorter period, 
i.e. for 2 hours at room temperature (cf. normal duration 
of DNAase I treatment of cells which is 2 hours at room 
temperature and 24 hours at 4°C), during which time even 
sub-plasmalemmal filaments, which are known to contain 
actin (see above), are not completely lost but show 
amorphous excrescences throughout their length. If the 
sub-cortical filaments (which are mostly of intermediate 
size) do not contain actin, that would be indicated not 
only by their continued presence but also by their freedom 
from changes characteristic of the action of DNAase I on 
actin. To illustrate the result, Fig. 12 shows a portion 
of a glycerinated, myosin-extracted cell which has been 
treated with DNAase I for 2 hours at room temperature. 
Here it can be clearly seen that not only are the filaments 
within the bundles affected but so also are the sub-cortical 
filaments. Some sub-cortical filame nts show lateral 
Fig. 12:Electron micrograph of a portion of a cell where the 
duration of DNAase I treatment was limited to 2 hours 
at room temperature. The filaments within the 
bundles (fb) are disorganized, appearing as linear 
aggregates of amorphous material. The interesting 
feature here is that even the sub-cortical filaments 
(f) are stjll present, though also trans~ormed to 
aggregates of amorphous material. X 52,000. 
-
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protuberances while others are transformed into linear 
aggregates of amorphous material, similar to those seen 
with muscle actin filaments treated with DNAase I. 
Moreover, at later stages, where complete loss of 
intermediate filaments from the cells had occurred, no 
intermediate filaments were observed extracellularly, 
adhering to the hydrophilic surface of the formvar/carbon-
coated grids. This observation makes it seem unlikely 
that entire intermediate filaments could have disappeared 
simply by being washed out of the cell. 
DNAase I-treated cells were also fixed and critical-
point dried (CPD) to see whether results obtained with 
negative staining could be due to some artefact of the 
staining procedure. As illustrated in Figs. 13a and b, 
glycerinated, myosin-extracted cells show a well defined 
three-dimension~l network of filaments and filaments bundles. 
After DNAase I treatment, at late stages, the filaments 
are completely lost (Fig. 14) and, at earlier stages, where 
the filaments are not completely lost, they are decorated 
with globular excrescences , similar to those seen in 
negatively stained preparations (Figs. 15a and b). In 
such preparations the remnants of filaments are commonly 
seen to end abruptly. Amorphous aggregates are also 
present within the cell. The stereo pair of micrographs 
(Figs. 15a and b) also show that the enveloping cell 
membrane is well preserved, this indicating the likelihood 
that filaments are not lost due to any overall loss of 
cell membrane together with filamentous contents. 
Figs. 13a and b: Stereo pair of electron micrographs of a 
cell which has been fixed and CPD after myosin 
extraction. The cell shows a three dimensional 
network of filaments (f). The filaments forming 
the network range from 4-11 nm in diameter and show 
true branching (arrows). A loose bundle of filaments (fb) is also present. X 44,100. 
• 
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Fig. 14 : Electron micrograph of a glycerinated myosin-extracted 
cell which had been treated with DNAase I before 
fixation and CPD . Note the complete absence of 
filaments. There is a faint trace (arrows) of the 
sites wher~ filament bundles were present before 
DNAase I t~eatment. X 44 , 100 . 

Figs. 15a and b: Stereo pair of electron rnicrographs of a 
portion of a cell which also received the same 
DNAase I treatment as the one in Fig. 14. The 
cell membrane is reasonably well preserved except 
for several holes (h). The few filaments (f) 
which remain within the envelope of membrane are 
decorated with some amorphous material (arrows). 
The fil aments are not continuous, as shown by their 
abrupt endings. X 70,000. 
' 
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( e ) SDS polyacrylamide gel electrophoretic analysis o f the 
DNAas e I extra c t : The extract obtained after DNAase I 
treatment of the cells was applied to a gel (for details 
see Chapter 2, P.54). As Fig. 16 shows, there is a band 
present in the extract which comigrates with skeletal 
muscle actin, indicating that actin is extracted by this 
procedure. However, it can be noticed that apart from 
actin, there are distinct bands corresponding to the 
molecular weights of 40,000 daltons (40K), 31K (DNAase I), 
23K and 13.SK. There are also some minor low molecular 
weight protein bands. To determine the origin of these 
bands, the enzyme preparation itself was analysed by 
electrophoresis. As Fig. 17 indicates, the major band 
corresponds to the molecular weight of DNAase I (31K). 
There are also distinct bands having molecular weights of 
13.5K (RNAase) and 23K . The nature of 23K band 
and several other minor bands is not yet determined. It 
is assumed that these bands represent breakdown products 
of DNAase I. Work is in progress to explore this 
assumption. 
DISCUSSION 
The results of the experiments described above can 
be summarized as follows : 
1. Under the same conditions that DNAase I is known to 
depolymerize muscle F-actin , it depolymerizes not only the 
thin (4-7 nm) filaments, but also the intermediate-sized 
(7-11 nm) fil ament s of cultured chick embryo connective 
'' ' , 
Fig. 16:SDS polyacrylamide gradient gel (3-1 5~%) 
electrophoretic profile (for methods , see Chapter 2, 
p.54) showing three different concentrations of the 
extract obtained after DNAase I treatment of cells 
(A,B,C). The extract shows the presence of a band 
comigrating with skeletal muscle actin (42K). A 
major band at 31K (DNAase I) and other distinct bands 
at 23K (unidentified) and 13.SK (RNAase) regions 
are also present. The origin of other minor bands, 
including the one in the 40K region, is not yet 
determined. The standards (D) consist of myosin 
heavy chain (m) (200K), S-galactosidase (bg) (130K), 
bovine serum albumin (bsa) (68K), glutamate 
dehydrogenase (gdh) (53K), skeletal muscle actin 
(a) (42K), myosin light chain (le) (21K), and RNAase 
(r) (13. SK). 
Fig. 17:SDS polyacrvlamide gradient gel (6~-15 %) 
electrophoretic profile of DNAase I enzyme 
preparation at 4 different concentrations (A,B,C,D). 
RNAase (F , G) of two different concentrations was 
also run along with DNAase I. As the figure 
indicates , the DNAase I sample, apart from a major 
band at 31K (which is due to DNAase I itself) , has 
two distinct bands , one comigrating with RNAase 
(13.SK) and the other at the 23K region . There 
are also minor bands at 40K and in the low 
molecular weight ranges. The standards (E) consist 
of myosin heavy chain (m) (200K) , S-galactosidase (bg) 
(130K), bovine serum albumin (bsa) (68K), and skeletal 
muscle actin (a) (42K). 
16 
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tissue cells. The tightly packed filaments in the cortical 
bundles took a longer time to undergo depolymerization 
than the individually dispersed ones. 
2. The morphologic appearances at various stages of the 
depolymerization of both muscle F-actin and these cytoplasmic 
filaments are essentially the same. 
3. As determined by SDS polyacrylamide gel electrophoresis, 
the disappearance of filaments in the cytoplasm is 
accompanied by the appearance of a band comigrating with 
actin in the extract obtained by treating the cells with 
DNAase I. 
Accordingly, these results indicate that all the 
filaments in the sub-plasmalemmal meshwork, in the cortical 
bundles and most of the filaments in the sub-cortical 
cytoplaijm of glycerinated, myosin-e~tracted cells contain 
F-actin. These results are in complete agreement with 
the results obtained with the HMM binding experiments 
(see previous chapter and Buckley, Raju and Stewart, 1978). 
Because their actin content is very well documented 
(Ishikawa, Bischoff and Holtzer, 1969; Goldman, 1975; 
Lazarides, 1976), the depolymerization and extraction of 
sub-plasmalemmal filaments, and filaments within the 
micro-filament bundles was not an unexpected result. 
In contrast, the depolymerization and extraction of 
intermediate filaments (7-11 nm in diameter) in the 
sub-cortical region may at first seem a surprising result. 
This observation contradicts the commonly held view that 
intermediate filaments do not contain actin (Small and 
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Sobiesz e ~ 1977; Starger et al., 1978). Hence these 
results warrant careful analysis. Before arriving at any 
firm conclusion, the following possibilities had to be 
considered : 
(a) Intermediate filaments could have been washed out 
of the cells as whole filaments either because they were 
attached to membrane through short actin filaments which 
underwent depolymerization when treated with DNAase I, or 
because they were lost through membrane disruption caused 
by glycerination; 
(b) A non-specific action of DNAase I itself, or some 
protease present in the DNAase as a contaminant, could 
have caused the destruction of intermediate filaments; and 
(c) Intermediate filaments do contain F-actin. 
These possibilities will now be discussed. 
(a) If i~termediate filaments were wasi1ed out of the cell 
as whole filaments, it could be expected that at least 
some would be detected extracellularly, adhering to the 
hydrophilic surface of the formvar/carbon-coated grids. 
However, as indicated above, no filaments of any kind 
were observed extracellularly. The reasons that intermediate 
filaments could not have disappeared simply because of 
membrane disruption, which commonly occurs in glycerination, 
appear to be twofold. First, the controls, which were 
also subjected to glycerination, do show the presence of 
intermediate filaments. Secondly, as seen in some CPD 
cells, where the membrane is fairly well preserved (as 
shown by stereoscopic viewing) DNAase I treatment has, 
nevertheless , totally extracted intermediate filaments. 
, ' ' • 
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Moreove r, whe ne v e r the cells were treated with DNAa s e I 
for only 2 houLs at room temperature , neithe r the thin nor 
the interme diate filame nts had disappear e d completely. 
Instead these were transformed into linear aggregates of 
amorphous ma t e ria l showing lateral globular proj e ctions 
similar to those of an intermediate stage in the muscle 
F-actin depolyme rization process. Accordingly, these 
observations argue against the possibilities that intermediate 
filaments had been removed from the cell either while still 
attached to membrane or as isolated but still intact filaments. 
(b) The idea that the fragmentation and depolymerization 
of intermediate filaments by DNAase I might be due to 
some non-specific action of DNAase I or by a contaminating 
protease could be suggested by the claim that intermediate 
filaments are highly susceptible to proteases which have 
a trypsin-like ~ction (Small and Sobieszek, 1977). 
However, on the one hand, the highly selective action of 
DNAase I on actin (a protein known to be relatively 
trypsin-resistant (Tilney, 1977)), has been unequivocally 
demonstrated (Hitchcock, Carlsson and Lindberg, 1976); 
therefore it would seem highly improbable that DNAase I 
would, by some non-specific action, have caused the 
depolyme rization of inte rmediate filaments, if these we re 
made up exclusively of some protein other than actin. 
On the other hand, it is highly unlikely that the 
depolymeriz a t i on of inte rme diate filaments was caused simply 
by a protease contaminant in the DNAase I preparation: 
according to the manufacturer (SIGMA Chemical Company, 
St. Louis, Mo, USA), the preparation of DNAase I (Type:DNCL) 
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used is chromatographically purified, the only contaminant 
being a trace of RNAase. Nevertheless, as shown in the 
gel (Fig. 17), there are bands other than DNAa se I and 
RNAase. Accordingly, it can be argued that it is not 
possible to rule out the presence of proteases. However, 
strong evidence against the presence of proteases comes 
from the experiment involving the treatment of intermediate 
filaments isolated from chicken gizzard smooth muscle 
(see Chapter 7). 
Chicken gizzard intermediate filaments are known 
for their extreme sensitivity to proteases (Small and 
Sobsieszek , 1977). Confirming this, it was found in this 
laboratory that a mild trypsin treatment, which does not 
destroy the intermediate filaments of cultured chick 
embryo connective tissue cells, completely destroys the 
intermediate filaments of chicken ;izzard smooth muscle. 
However, the batch of DNAase I which depolymerizes the 
intermediate filaments of chick embryo connective tissue 
cells, has no action on intermediate filaments of chicken 
gizzard. Thus it can be concluded that DNAase I action 
on intermediate filaments of chick embryo connective tissue 
cells is a highly selective one due, specifically, to the 
DNAase I itself, and not due to any contaminating proteases. 
(c) The other remaining possibility is that the 7-11 nm 
intermediate filaments of the sub-cortical cytoplasm have 
disappeared due to depolymerization caused by the specific 
actin-depolymerizing action of DNAase I. The presence of 
an F-actin core within the intermediate filaments has 
been indicated by HMM labelling experiments (see previous 
• 
chapter and Buckley, Raju and Stewart, 1978) and these 
results appear to support such a concept. 
In the experiments described above on cells, the 
microfilament bundles took a longer time to undergo 
depolymerization than the individual free filaments. 
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This 
could be due to steric hindrance factors, which may be 
explained by the very close proximity of filaments to one 
another and the presence of significant quantities of 
accessory proteins such as tropomyosin (Lazarides, 1976) 
within the filament bundles. As mentioned earlier, 
Hitchcock, Carlsson and Lindberg (1976), observed a 
decreased rate of depolymerization of actin filaments which 
were associated with tropomyosin and as reported in the 
results (See p.44) the magnesium paracrystals of actin took 
approximately two to three times longer than single actin 
filaments to undergo depolymerization. The free filaments 
in the cytoplasm also took a longer time to undergo 
depolymerization than the purified muscle actin filaments. 
This suggests the likelihood that these free 
cytoplasmic filaments are associated with accessory 
proteins. It may also be that there is a high level of 
accessory (actin-binding) proteins in the filament bundles. 
The demonstration for the first time that DNAase I can 
depolymerize actin-containing filaments of non-muscl~ cells 
(Raju, Stewart and Buckley, 1978) and the results described 
in this chapter add support to the speculative physiological 
role of DNAase I in regulating the cytoplasmic levels of 
F-actin to meet motility function requirements (Hitchcock, 
Carlsson and Lindberg, 1976; Hitchcock, 1977; Korn, 
1978). However, attempts to support this idea by 
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localizing DNAas e I in cultured cells by biochemical a nd 
immunocytochemical technique s have so far, met with 
little success (Hitchcock, Carlsson and Lindberg, 1976). 
In conclusion, it must be said that the use of 
DNAase I to localiz e actin filaments could be applied to 
different types of non-muscle cells (in conjunction with 
the HMM labelling technique) to obtain a complete picture 
of F-actin distribution. The following lines of 
investiga tion may prove to be worthwhile in establishing 
appropriate conditions for further experiments on other 
types of cells: 
(1) Investigations to determine the exact quantity of 
DNAase I to be used in each type of non-muscle cell to 
achieve depolymerization of actin-containing filaments; 
(2) Work to establish the time taken by DNAase I -
(i) to depolymerize cytoplasmic filaments 
completely so that total extraction of 
these filaments is possible, and 
(ii) to cause partial depolymerization of 
filaments, so that filaments which 
are undergoing depolymerization can 
be localized within the cell and 
thus identified as actin-containing. 
Future work must also be carried out to explain how 
DNAase I gain s acces s to F-ac t in core s of inte rme diate 
filaments in cultured chick embryo connective tissue cells 
under conditions where HMM does not (see previous chapter 
and also Buckley, Raju and Stewart, 1978). 
The possible significance of the presence of F-actin 
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in thin filaments as well as in intermediate filaments was 
discussed in the previous chapter. 
CHAPTER 6 - IDENTIFICATION, LOCALIZATION AND FORM 
DETERMINATION OF CYTOPLASMIC MYOSIN: 
STUDIES USING MYOSIN-EXTRACTING SOLUTIONS 
AND MUSCLE CONTRACTILE PROTEIN MODELS 
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INTRODUCTION 
As mentioned in the general introduction (Chapter 1), 
the occurrence of myosin in a wide varie ty of eukaryotic 
cell types is now well established (for reviews, see 
Pollard and Weihing, 1974; Clark and Spudich, 1977). 
The most convincing evidence to date comes from the 
biochemical isolation of myosin from these non-muscle 
cells. Purified non-muscle myosin exhibits ATPase 
activity which is stimulated by actin (Pollard and Weihing, 
1974; Korn, 1978; Ostlund, Leung and Kipnis, 1978) and 
this myosin can physically bind to actin filaments (Pollard 
and Weihing, 1974). Under suitable ionic conditions this 
myosin will also form bi-polar thick filaments (Adelstein 
et a'l ., 1972; Clark and Spudich, 1977). Individual 
molecules of non-muscle myosin, which have been visualised 
under the electron microscope in some cases (Elliot, Offer 
and Burridge, 1976) show a general structure, with defined 
head and tail regions, which is similar to that of skeletal 
muscle myosin molecules (Lowey e t a Z:, 1969). 
The other line of evidence favouring the presence of 
myosin in non-muscle cells comes from immunocytochemical 
studies. A wide variety of non-muscle cells show 
characteristic fluorescence patterns when treated with 
fluorescein-labelled myosin-specific antibodies (Weber and 
Groesche l-S tewart, 1974; Sange r, 1975; Fujiwara and 
Pollard, 1976). Thus these immunofluorescence results 
support the biochemical findings concerning the presence 
of myosin in eukaryotic non-muscle cells. 
Immunofluorescence 
-
116 
studies are also valuable in d emonstrating the general 
distribution of myosin inside these cells. In some cells, 
changes in the distribution of myosin occur during the 
cell cycle (Fujiwara and Pollard, 1976). However, in such 
studies, spatia l resolution is, of neces sity , limited to 
the light microscope level . Ultrastructural loca lization 
of myosin using ferritin-labelled, myosin-specific 
antibodies is only at a very early stage of development 
(Pollard et al ., 1976). 
To support the view that myosin is involved in an 
actin/myosin-based system responsible for cell movements, 
it will be necessary to define the form taken by the 
non-muscle myosin and to plot its localization, at the 
ultrastructural level, throughout the cell. However, 
efforts directed towards the precise localization of myosin 
with tne electron microscope have 1:Let with little success. 
Filaments resembling synthetic non-muscle myosin thick 
filaments have been observed intracellularly only in 
exceptional instances (Zucker-Franklin and Grusky, 1972; 
Rash et al ., 1972; Goldman, 1972). In most cells it 
has not been possible to identify bi-polar myosin thick 
filaments in sections of resin-embedded material (Pollard 
et al. , 1976). This is also the case in cells prepared 
for electron microscopy by either negative staining or 
critical-point drying. The assumption that myosin must 
occur in the form of thick filame nts in non-muscle cells 
is based entirely on the finding that purified non-muscle 
myosin will form thick filaments in vitro under ionic 
conditions assumed to occur intracellularly. While 
acknowledging the importance of in vitro model studies, 
it can be strongly argued that the ability of purified 
non-muscle myosin to form bipolar thick filaments under 
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in vitro condition does not necessarily mean that myosin 
is present in this form within living cells. Precise 
intracellular conditions with respect to ionic composition, 
the concentration of myosin and the presence of regulatory 
factors, especially the likely occurrence of regulatory 
proteins, can be expected to determine the ultimate form 
of myosin inside cells. This does not preclude the 
possibility that in some non-muscle cells, myosin may be 
present as thick filaments, as was shown by Niederman and 
Pollard (1975) for platelets. However, the form which 
myosin takes in most non-muscle cells, including cultured 
chick embryo connective tissue cells, is still an open issue. 
Thus; there is a need for a thorough investigation of 
the ultrastructure of non-muscle cells aimed at localizing 
myosin. In attempting to do this it was decided to make 
use of the carefully thought out approach applied by Hanson 
and Huxley (1955) for the localization of myosin in skeletal 
muscle cells. Making use of solutions containing 
pyrophosphate, these authors preferentially extracted 
myosin from glycerinated myofibrils and, with the electron 
miscroscope, compared the structure of the myosin-extracted 
fibril with that of the unextracted one. After myosin 
extraction, they found that the primary array of thick 
filaments in glycerinated myofibrils had entirely disappeared 
from the whole of the A band. Thus it was clearly demonstrated 
that myosin is present in the form of thick filaments in 
skeletal muscle cells. Here it is relevant to point out 
that in this laboratory it has been found that similar 
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solutions (i.e. those containing ATP or pyrophosphate) 
are effective in extracting the thick filaments from 
cultured cardiac muscle cells (Buckley, unpublished data) . 
In view of the above findings, an experimental plan 
similar to that of Hanson and Huxley (1955) was developed. 
This involved myosin extraction and ultrastructural 
comparison of myosin-extracted cells with either intact 
or glycerinated cells. The plan was applied to cultured 
chick embryo fibroblasts in the hope of establishing which 
cytoplasmic components of intact or glycerinated cells 
represent myosin. These ultrastructural studies on 
intact and extracted cells are supported by model studies 
involving electron microscopic observations of myosin 
thick filaments, monomers of myosin and mixtures of F-actin, 
and myosin monomers. One aim of these model studies was 
to find out whether it was possible to simulate structures 
resembling presumptive non-muscle myosin (as revealed by 
ultrastructural studies on intact cells) using purified 
myosin from skeletal-muscle. Then purified actin and 
myosin monomers were combined in a ratio similar to that 
present in non-muscle cells to see whether the resulting 
filamentous system, with attached myosin molecules, 
resembled that of cultured chick embryo connective tissue cells. 
As a biochemical supplement to this work, SDS polyacrylamide 
gel electrophoresis was carried out on extracts and 
extracted cells obtained after glycerination and myosin 
extraction to see whether or not myosin is extracted by 
the myosin extracting solutions. 
The present results are grouped as follows:-
Ultrastructural Studies of Cells 
(a) Intact (unextracted) cells; 
(b) Glycerinated cells; 
(c) Cells extracted by 'one-step' myosin extraction; 
(d} Cells extracted by 'two-step' myosin extraction. 
Ultrastructural Studies of Motility Proteins 
(a) Synthetic thick filaments of myosin from rabbit 
skeletal muscle; 
(b) Monomers of myosin; 
(c) F-actin and myosin monomer mixtures. 
SOS Polyacrylamide Gel Electrophoresis of Extracts and 
Extracted Cells obtained after Glycerination and Myosin 
Extraction 
RESULTS 
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Ultrastructural Studies of Cells 
(a) Intact (unextracted) ceZZs: The ultrastructure of 
critical-point dried (CPD), unextracted, normal cultured 
chick embryo connective tissue cells has been described in 
detail previously (see Chapter 2). Here it is sufficient 
to recall the following features of the cell's filament 
systems, most of which are illustrated in the stereo oairs 
of micrographs (Figs. la and b): 
(i) The cytoplasm contains large numbers of 
4-11 nm filaments. These filaments are 
present both in bundles and in networks. 
Figs. la and b: Stereo pair of electron micrographs of 
a fixed, critical-point dried (CPD) cell 
showing the thre e dimensional arrangement of 
filaments in the cytoplasm. Within the 
veil-like extension of the sub-plasmalemmal 
cytoplasm (v), the filaments (f) are arranged 
in the form of a meshwork . They are heavily 
camoufl aged and cross-linked by short 
cross-linking elements which appear as 'node-
like' structures with fine tails, often 
arranged in 'dumb-bell ' form (arrows). At 
the base of the veil, there is a filament 
bundle (fb). Deeper to the veil, within 
the sub-cortical cytoplasm is a three 
dimensional network of filaments (f). The 
'node-lik2 ' structures are attached also to 
these sub-cortical filaments (arrows). Electron-
dense clusters of polyribosomes (p), closely 
associated with the sub-cortical filaments and 
rnicrotubules (mt) occur throughout the sub-cortical 
cytoplasm. X 55,500. 
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The bundles occur in the cortical region 
of the cell, both dorsally and ventrally. 
The networks have a three dimensional 
character and are distributed in both the 
sub-plasmalemmal and sub-cortical regions. 
Most of these filaments have been shown to 
contain F-actin (Buckley, Raju and Stewart, 
1978; see also Chapters 4 and 5). 
(ii) No structures suggestive of bi-polar thick 
filaments are seen. 
(iii) Tiny hode-likd structures are distributed 
throughout the cytoplasm, attached to the 
4-11 nm filaments. These nodes are 
pleomorphic, but mostly ovoid or pear-shaped. 
The nodes have fine tails. The diameter of 
individual nodes is approximately 16 nm and 
that of their tails is from 1-2 nm. The 
nodes are sometimes joined to each other 
through their tails to form 'dumb-bell' 
shaped structures. These 'dumb-bells' 
cross-link the 4-11 nm filaments and also 
cross-link these filaments to microtubules 
and organelles such as mitochondria and 
polyribosomes. 
(b) Glycerinated cells: Glycerination resulted in the 
formation of large holes in the plasma membrane of the cells. 
Despite this, the general cell shape was reasonably well 
preserved. Organelles had either disappeared or 
degenerated to form complex membrane-bound vesicles. 
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Since glycerination was carried out at 4°C for 24 hours, 
the microtubules were no longer visible. The overall 
features of the filament system in glycerinated cells are 
illustrated in Fig. 2 and the stereo pair of electron 
micrographs (Figs. 3a and b). Here the filament bundles 
and the sub-cortical network of filaments appear intact. 
The veils are not well preserved by glycerination. 
However, on occasions where veils can be observed, the 
sub-plasmalernma l network of filaments appears more or less 
normal. A remarkable feature is the 'roughness' of most 
of the filaments. This 'roughness' appears to be due to 
decoration of filaments with tiny ~ode-lik~ structures. 
The shape of these is variable but they are mostly rounded, 
measuring ~15-16 nm in diameter. The association of these 
nodes with filaments appears more distinct in glycerinated 
cells than in intact cells. Some nodes show fine tails 
but, compared with intact cells, there are fewer 'dumb-bell' 
shaped structures cross linking adjacent filaments or 
organelles. 
(c) Cells extracted by ' one -st ep ' myos~n extraction : 
Within 2 hours of beginning extraction of the cells with 
the pyrophosphate-containing solution (for methods, see 
Chapter 2, p .32) a dramatic change occurred. The striking 
difference from the cells which were simply glycerinated 
is that the fil aments were largely free of their associated 
~ode-lik~ structures. As a result, most of the filaments 
in the bundles and networks appeared smooth (Fig. 4). Cells 
extracted for 24 hours presented a similar picture but with 
more extensive removal of the nodal bodies. 
The resultant 
·, 
Fig. 2: Electron micrograph of a cell which has been 
fixed and CPD after glycerination in the presence 
of standard salt solution for 24 hours (for 
methods, see Chapter 2, p.30). Glycerination 
affects the cell membrane and organelles present 
within the cell . Large holes are present in the 
plasma membrane and the organelles are transformed 
to membrane-bound vesicles (mbv). However, the 
network of filaments (f), remains little affected 
by the procedure of glycerination. X 44,100. 
Figs. 3a and b: Stereo pair of electron micrographs of a 
part of the cell depicted in Fig. 2. The striking 
feature is the decoration of many of the filaments 
(f) of the three dimensional filamentous network 
by 'node -l ike' structures . These structures, by 
tail-to-tail association form 'dumb-bell ' shaped 
structures, which cross-link (c) adjacent filaments. X 44,100. 
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Fig. 4: Portion of a CPD cell which was subjected to 
'one-step' myosin extraction for 2 hours at 
4°c (for methods, see Chapter 2, p.32). The 
filaments (f) are totally free of 'node-like' 
structures and hence they appear smooth. 
Disintegrating microtubules (mt) are also seen. 
The filaments ranging from 4-11 nm in diameter 
form a three dimensional network by branching 
and anastomosing with one another. A loose 
filament bundle (fb) is also visible. X 44,100. 
Figs. Sa and b: Stereo pair of electron micrographs of a 
portion of a cell which has been treated in the 
same way as that shown in Fig. 4 except that 
myosin exrraction was carried out for a longer 
duration (24 hours). The filaments (f) are 
completely free of 'node-like' structures. 
Branching of filaments (arrows) is clearly seen. 
The filaments are arranged in the form of a 
bundle (fb) and a three dimensional network. 
X 54,600. 
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filame nts within the three dime n s ional ne twork appe are d 
e xtre me ly smoot h (Figs. Sa and b). The branching a nd 
anastamosing of filaments are clearly e vide nt. 
(d) ceiis extracted by ' two - step ' myosin extraction : 
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It was decide d to glycerinate the cells first and then 
extract them for myosin, as done by Hanson and Huxley (1955) 
with skeletal muscle myofibrils, to find out whether this 
type of extraction gave results different from the bne-step' 
procedure. When the results were compared, it was found 
that the 'two-step' and 'one-step' myosin extraction 
procedures yielded closely similar results. 
As the stereo pair of electron micrographs (Figs. 6a 
and b) indicate, the filament bundles and the network of 
filaments are well preserved in the cells extracted by 
'two-step' myosin extraction. At this magnification, 
it is not possible to evaluate whether or not the filaments 
are smooth, i.e. free of any attached 'node-like structures. 
However, at higher magnification (Figs. 7a and b), it is 
clearly shown that the filaments are smooth and completely 
The cross-linking 'dumb-belr shaped elements 
free of nodes. 
are also absent. A comparison of these figures with these 
of Figs. 2, 3a and b d emonstrates beyond any doubt that 
'node-like structures which are associated with the filaments 
in glycerinated cells are almost completely absent in cells 
wh ich h a v e bee n glycer i nated a nd myo sin extra cted. 
Figs. 6a and b: Low power stereo electron micrographs of 
a cell which has been CPD after 'two-step ' myosin 
extraction for 24 hours at 4°C (for methods, see 
Chapter 2, p.32). The cortical filament bundles 
(fb) and the network of filaments (f), can be 
clearly seen. Although at this magnification it 
is not easy to be certain that the filaments are 
completely free of 'node-like' structures, the 
general impression is that most filaments in both 
the bundles and the network are smooth. X 35,000. 
Figs. 7a and b: Stereo pair of electron micrographs 
taken under high power showing a portion of a cell 
which has been fixed and CPD after 'two-step ' 
myosin ex~raction at 4°C for 24 hours. The 
filaments (f) are almost completely free of 
attached nodes (cf. Figs. 3a and b). The 
residual smooth filaments are clearly seen as a 
branching (arrows) and anastomosing network. 
X 70,000. 
6b 
6a 
I 
' 7b 
7a 
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Ultrastructura l Studies of Motility Proteins 
(a) Synthetic thick filaments of myosin from rabbit 
The ultrastructure of synthetic myosin 
sk e l etal muscle: 
thick filaments derived from skeletal muscle was studied 
after (i) negative staining and (ii) critical-point 
drying. Critical-point drying was done to determine 
whether this procedure would preserve myosin thick filaments 
The negative staining was carried 
in a recognizable form. 
out for comparative purposes, since it is well known that 
negative staining preserves myosin thick filaments very 
efficiently (Huxley, 1963). 
(i) Negatively stained myosin thick filaments: 
The myosin thick filaments appear as 
well-defined bi-polar structures with 
bulbous ends separated by a straight shaft 
region (Fig. 8). The mean diameter of 
the shaft is 13.62 ±0.15 nm (50 filaments 
were measured). The shaft is relatively 
bare except for the projecting heads of 
occasional individual myosin molecules. 
The heads of the myosin molecules are 
also distinctly seen in the bulbous end regions. 
(ii) CPD myosin thick filaments: Although the 
details of the structure of these myosin 
thick filaments are not well preserved, 
thei r ove rall shape is reasonably well 
maintained (Fig. 9). Thus one can still 
recognize their bi-polar form. An important 
detail which is lost is that the heads 
of individual myosin molecules, which 
Fig. 8: Electron micrograph showing negatively stained 
bipolar thick filaments of purified skeletal 
muscle myosin (prepared from rabbit skeletal 
muscle as described in Chapter 2, p.43) 
showing head (h) and shaft (s) regions. 
Subfilaments (circled areas) can be appreciated 
within the shaft region. Individual myosin 
molecules (arrows) projecting out from the 
head region can also be seen. X 154,000. 
Fig. 9: Electron micrograph showing fixed CPD myosin 
thick filaments consisting of head (h) and 
shaft (s) regions. Other details are not 
clearly seen when compared with negatively 
stained preparations (cf. Fig. 8). X 154,000. 
= 
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clearly project out from the shaft in 
negatively stained preparations, seem to be 
merged into the shaft in these CPD 
preparations. Apart from such differences, 
the shaft diameter of both negatively 
stained and CPD thick filaments varies little. 
When the shafts of 50 CPD filaments were 
measured, the mean diameter was found to be 
13.11±0.17 nm , that is, only about 0 . 5 nm 
less than that of negatively stained 
preparations . 
These observations indicate that even in CPD cells it 
should be possible to visualize myosin thick filaments if 
they are present . 
(b) Monomers of myosin : Myosin monomers isolated and 
purified from rabbit skeletal muscle were fixed and CPD 
to determine their appearance with a view to considering 
whether similar structures are present in the fixed , CPD 
chick embryo connective tissue cell preparations . It 
must be pointed out that there are considerable difficulties 
associated with visualizing myosin monomers with the 
electron microscope unless a shadow casting technique is 
used (Slayter and Lowey, 1967). Nevertheless , careful 
observation of Fig. 10 , reveals the structure of myosin 
molecule s with characte ristic head and tail regions . It 
is hard to differentiate between the two heads of a single 
molecule and in most instances the two heads appear to be 
fused together. The diameter of the fused heads averages 
about 16 nm and the diameter of the tail varies from 1-1.5 nm. 
Fig. 10:Electron micrograph of fixed and CPD monomers of 
skeletal muscle myosin showing structures 
(arrowheads), which are highly suggestive of 
possessing heads and tails. In the monomers, 
the two heads of individual myosin molecules 
appear fused together , these appearing 
'node-like ' with an attached fine tail. 
X 54,600. 
Fig. 11:CPD mixture of F-actin and myosin monomer (for 
methods, see Chapter 3, p.43) showing heads of 
myosin molecules (arrows) attached to F-actin 
filaments (f), which are arranged in the form 
of a network. This structure resembles the 
network of filaments with attached 'node-like' 
structures in glycerinated cells (cf. Figs. 3a 
and b). The decoration seems to be regular in 
some areas but not so in others. The purity 
of the proteins used in this model was checked 
with SDS polyacrylamide (10%) gel electrophoresis 
(for methods, see Chapter 2, p.54) and this is 
shown in the inset. (Electron micrograph. 
X 54,600.) 
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'Dumb-be ll' shaped dimer-like associations are also present. 
In general, the form and dimensions of these structure s 
appear similar to the ~ode -lik~ structure s attached to 
filame nts in both intact and glycerinated cells. 
(c) F- actin and myosin monomer mixtures : Purified 
skeletal muscle myosin monomers and F-actin were mixed at 
a molar ratio of 1:50 which is approximately the same as 
in ma ny non-muscle cells. (The molar ratio of total actin: 
myosin in most non-muscle cells is 100:l (Pollard, 1976b); 
of the total actin only 50% is in a polymerized form (Bray 
and Thomas, 1976)). The mixture was fixed and CPD (for 
details of preparation, see Chapter 2, p.52). As with 
purified actin allowed to polymerize by itself, a three 
dimensiona l network of filaments was formed (Fig. 11). 
In additi~n, within the three dimensional network there 
are many tiny nodal bodies, presumably individual myosin 
molecul e s, closely attached to the actin filaments. These 
are regularly arranged in some instances, but not so in 
others. This network bears a close resemblance to the 
network of filaments with attached 'node-like structures 
which is observed in CPD, glycerinated cells. As mentioned 
above, the dimensions of the nodes found in cells are 
similar to those of the myosin molecules decorating these 
actin filaments. 
SDS Polyacrylamide Gel Electrophoresis of Extracts and 
Extracted Cells obtained after Glycerination and Myosin 
Extraction 
A comparison of the extract obtained after glycerination 
. ,, 
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on the one hand and the extract obtained after glycerol/ 
myosin extraction on the other, reveals that a band 
comigrating with skeletal muscle myosin is present only 
in the extract obtained by myosin extraction but not in 
the extract after glycerol extraction (Fig. 12). However, 
the myosin extracted cells (residue after extraction) 
still shows the presence of small quantities of a band 
comigrating with skeletal muscle myosin. 
The major band which is present in the cells as well 
as the extract samples comigrates with bovine serum 
albumin. This may be due to the high concentration (10 %) 
of foetal calf serum present in the culture medium. 
Since glycerol makes the cells permeable, many soluble 
proteins, covering a wide range of molecular weights, are 
also present in both extracts. Actin, which is known 
to occur in significant quantities in the soluble, or 
G-form, in non-muscle cells (Bray and Thomas, 1976), is 
therefore present in extracts obtained with glycerol as 
well as with the myosin extracting solution. 
The extracts were also analysed on a 5% gel to see 
the various high molecular weight proteins which were 
extracted. As Fig. 13 indicates, most of 
the high molecular weight proteins othe~ than myosin are 
found in extracts obtained with glycerol as well as with 
the myosin extracting solution. Myosin is the only 
additional band in the extract obtained wi th the myosin 
extracting solution . 
Fig. 12:Profile of SDS polya crylamide gradient (6 ~-15 %) 
gel electrophoresis (Method describe d in Chapter 
2, p . 54) showing: 
A. Cells (residue) extracted by glycerol in 
standard salt solution (glycerol/SSS) . 
B. Cells (residue ) e x tra cted by myosin 
extracting solution . 
C. Extract of c e lls obtained after glycerol/SSS 
extraction. 
D. Extract of cells obtained after treating the 
cel~s with myosin extracting solution . 
E. Standards consisting of purifie d skeletal 
muscle myosin he avy cha in (m) (200K), 
S-galactosida s e (bg) (130K), bovine serum 
albumin (bsa) (6 8K), glutamate dehydroge nase 
(gdh) (53K), actin (a) (42K) and myosin light 
chain (le) (21K). 
The prese nce of a significant quantity of myosin 
can be s e en in the myosin extract (D) but not in 
the glyce rol extract (C). Myosin-extracted cells 
(B), still show a small quantity of myosin. The 
major ba nd in all preparations (extra cts and 
extracted cells) is serum albumin, which mu s t have 
had its origin from culture me dium, since this medium 
contains 10 % foetal calf serum. 
Fig . 13 : SDS polyacrylamide (5 %) gel electrophoresis of 
extracts obtained after extraction of cells with 
glycerol/SSS and myosin extracting solution. 
A. Cell extract obtained after extracting with 
glycerol/SSS showing no band comigrating 
with myosin. However, as in B, it shows 
a few bands at the high molecule weight 
regions. 
B. Cell extract obtained after extracting with 
myosin extracting solution showing a band 
comigrating with the myosin standard. A 
few other bands are also present at the 
high molecular weight region. 
C. Purified skeletal muscle myosin (m) (200 K) 
as standard. 
A B C -D E 
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DISCUSSION 
The major conclusion derived from the present work 
is that myosin in cultured chick embryo connective tissue cell is 
present in some highly dispersed form, possibly as monomers 
or dimers. The evidence to support this view is: 
(1) Although the results of SDS polyacrylamide gel 
electrophoresis indicate that cultured chick embryo 
connective tissue cells contain myosin (Ostlund, Pastan 
and Adelstein, 1974; see also Chapter 3), no thick 
filaments can be seen when the cells are examined by 
electron microscopy. 
(2) The cells contain node-like' structures with fine 
tails and 'dumb-bell' shaped structures which are readily 
extracted with pyrophosphate-based myosin extracting 
solutions. 
(3) The loss of nodes following treatment with myosin-
extracting solution is paralleled by the appearance of a 
band comigrating with muscle myosin heavy chain band in 
SDS polyacrylamide gels. 
(4) There is a general resemblance between 'node-like' 
structures in CPD cells and CPD monomers of purified 
skeletal muscle myosin . 
(5) When skeletal muscle myosin monomers and F-actin are 
mixed together (in a molar ratio approximately equivalent 
to that which occurs in non-muscle cells), fixed and CPD, 
the resultant structure resembles the filamentous system 
in intact and glycerinated cells . 
Determining the form taken by myosin in non-muscle 
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cells has always been difficult because thick filaments 
resembling skeletal muscle myosin filaments have rarely 
been observed in these cells (Pollard e t al., 1976). 
In the few cases where myosin filaments have been sighted, 
such as in osmotically shocked platelets (Zucker-Franklin 
and Grusky, 1972), cytochalasin B-treated cultured cells 
(Goldman, 1972), isolated intestinal brush borders 
(Mooseker and Tilney, 1975) and endothelial cells and 
pericytes of rat brain capillaries and postcapillary 
venules (Le Beaux and Willemot, 1977), the cells have 
been pre-treated in various non-physiological ways prior 
to fixation. It seems that whenever tissues or cells 
have been fixed without such pre-treatment myosin thick 
filaments have been absent. 
This failure to observe myosin thick filaments in 
non-muscle cells with the electron microscope is unlikely 
to be due to the fixation and dehydration procedures 
involved in the processing of cells for electron microscopy. 
Pollard (1974) demonstrated that purified platelet myosin 
survives glutaraldehyde and osmium fixation. It has also 
been shown in the experiments described above (see Fig. 9) 
that fixation, acetone dehydration and CPD do not 
drastically alter the ultrastructure of skeletal muscle 
myosin thick filaments . 
Accordingly, if myosin thick 
filaments are present in the living cell, they should also 
be visible in fixed and CPD cells. 
However, no thick 
filaments were observed in fixed and CPD chick embryo 
connective tissue cells (Figs. la and b). 
With the above considerations in mind, it seems highly 
probable that myosin in cultured chick embryo fibroblasts 
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is present not as thick filaments but in some more disperse 
form, possibly as monomers or dimers. This possibility 
has been considered previously for different types of 
non-muscle cells (Nachmias, 1972; Small, Isenberg and Celis, 
1978 and Korn, 1978). Nachmias (1972) showed that Physarum 
myosin did not form thick filaments, even with concentrations 
of myosin of 0.5 mg/ml and under conditions designed to 
enhance ionic or hydrogen bonding between myosin molecules. 
Small, Isenberg and Celis (1978) failed to observe any 
myosin thick filaments at the leading edges of 3T3 cells 
and human skin fibroblasts and hence proposed that myosin may 
occur as monomers in these cells. 
If myosin is present as monomers or dimers in 
cultured chick embryo connective tissue cells, the question 
to be asked is whether the nodes and 'dumb-bell' shaped 
structure~ described in the results of this chapter 
represent myosin molecules. When the cells were extracted 
for myosin, the above-mentioned structures disappeared 
from the cells and this was paralleled by the appearance 
of bands comigrating with myosin heavy chain bands in the 
extract on SDS polyacrylamide gel electrophoresis. This 
is highly suggestive that 'node-like' and ~umb-bell'-like 
structures do represent monomers and cimers of myosin in 
these cultures cells. 
When the extracts after glycerination and myosin 
extraction were analysed by SDS polyacrylamide gel 
electrophoresis, many protein bands covering a wide range 
of molecular weights were seen (Fig. 12). It is assumed 
that most of these bands are due to soluble proteins which 
diffused out when the cells were rendered permeable by 
130 
glycerol. The most significant difference between the 
glycerol and myosin extraction is the presence of bands 
at the myosin heavy chain region in the myosin extract 
and their absence in the glycerol extract. The amount 
of myosin extracted was not estimated quantitatively in 
relation to the total myosin content of the cells. Hence , 
it is not possible to establish whether the presence of 
a band in the myosin heavy chain region (200,000 daltons) 
remaining in the myosin-extracted cells is due to incomplete 
extraction of myosin. Alternatively, two other factors 
might be involved. First, the cells may contain other 
proteins having a similar sub-unit molecular weight to 
that of the myosin heavy chain. Secondly, myosin 
molecules, once extracted, may become caught up in the 
interstices of the extracted cells (Buckley and Raju, 
1976). Some of the extracted myosin molecules, even 
after coming out of the cells may have become stuck to 
the surface of the culture bottles, rendered hydrophilic 
by culture medium. These extracted myosin molecules 
would then be solubilized when the myosin-extracted cells 
are dissolved in the SDS. 
Since high molecular weight proteins other than myosin 
are extracted, it is possible that some of the node-like' 
structures , all of which were previously interpreted as 
myosin molecules (Buckley and Raju, 1976), could include 
one or more of the following high molecular weight actin 
binding proteins: 
(1) A 280,000 dalton actin-binding protein described 
by Stossel and Hartwig (1975). 
(2) a-actinin, which has a molecular weight of 
~100 , 000 daltons, and 
(3) other high molecular weight proteins ye t to be 
clearly defined (Korn, 1978). 
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Although there is a possibility that the node-like 
structures may include such high molecular weight proteins, 
it can be argued that most of the node-like structures 
represent myosin for the following reasons: 
(i) As illustrated in the gel, other than 
myosin itself, most of the high 
molecular weight proteins extracted 
by the myosin-extracting solution 
are also extracted by the glycerol-
standard salt solution (Fig. 13). 
This finding, correlated with the 
ultrastructural observation that 
extraction with the glycerol-standard 
salt solution does not remove the 
hode-like ' structures from the 
cells (these structures being 
extracted only by myosin-extracting 
solutions) suggests that it is highly 
likely that most of the 'node-like' 
structures represent myosin rather 
than high mole cula r weight actin-
binding proteins . 
(ii) There is a broad resemblance between 
the ' node-like ' structures and the 
myosin monomers isolated from the 
skeletal muscle cells. (See results 
of this chapter) 
(iii) When muscle actin filaments are 
incubated with muscle myosin monomers 
in a ratio similar to that believed 
to occur in non-muscle cells (Pollard, 
1976b; Bray and Thomas, 1976) a 
structure consisting of a network of 
filaments with attached nodes, similar 
to the filamentous structures found 
in intact and glycerinated chick embryo 
connective tissue cells is formed. 
(iv) Whereas most of the ~ode-lik~ structures 
in intact and glycerinated cells show 
distinct tails, the high molecular 
weight actin-binding proteins have not 
been found to possess any tails (Stossel 
and Hartwig, 1975). 
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It is acknowledged, however, that unless it is shown by 
some specific myosin-labelling technique at the electron 
microscope level (e.g. using ferritin labelled myosin 
it cannot be concluded firmly that these 'node-
antibodies) 
like' structures represent myosin. 
Models used here for the purpose of assessing the form 
which might be taken by myosin in cultured chick embryo 
connective tissue cells involved using monomers of purified 
skeletal muscle myosin. Although the use of skeletal 
muscle myosin rather than a non-muscle myosin as a model 
may be questioned , it seemed justifiable to use a skeletal 
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muscle myosin model. This is because it has been clearly 
shown that except for the differences in the length of 
the tails, the morphology of muscle myosin (Lowey et al ., 
1969), vertebrate non-muscle myosin from various tissues 
(Elliot, Offer and Burridge, 1976), and Acanthamoeba 
myosin - II (Pollard, Stafford and Porter , 1978) are 
closely similar. At the outset of this project attempts 
were made to purify myosin in sufficient quantities from 
cultured chick embryo connective tissue cells. However, 
these were not successful because the quantity of starting 
material was limited, even when mass culturing techniques 
were used. 
In conclusion, it must be pointed out that actomyosin 
based contraction does not necessarily require a structure 
as elaborate as a myosin thick filament. Two actin 
filaments may be drawn together by a tail to tail dimer 
of myosin, as long as the actin filaments have appropriate 
(opposite) polarities (Nachmias, 1972). There is also 
a possibility that several myosin molecules could be 
attached to one actin filament by the rod segments of 
their heavy chains, perhaps through auxilliary proteins, 
thereby leaving the myosin heads free to interact with 
another actin filament. Angular displacement of myosin 
heads would result in the movement of the second actin 
filament in relation to the first one. This possibility 
has been proposed by Korn (1978). Thus, the occurrence 
of myosin as monomers, dimers or small oligomers in 
cultured chick embryo connective tissue cells is 
conceivable and could be functionally meaningful. 
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Future work in the following areas would further 
substantiate the proposed form and distribution of myosin 
in cultured connective tissue c e lls: 
(1) Deve lopment of a suitable electron microscope probe 
for myosin which can be (i) either a ferritin-labelled 
myosin-specific antibody, as mentioned earlier or (ii) a 
heavy metal thiol label which can give specific electron-
dense labelling of the heads of myosin molecules. 
(2) Isolation of myosin from non - muscle cells in 
sufficient quantities to study: 
(i) the form taken by purified myosin at 
different concentrations to determine 
the minimum concentration for filament 
formation under various ionic conditions, 
and 
(ii) the behaviour of myosin molecules in 
the presence of a large excess of 
F-actin and, under conditions 
favouring self aggregation of myosin 
molecules, to determine whether the 
binding affinity of myosin molecules 
to F-actin is greater than the tendency 
to self aggregate to form myosin thick 
filaments (cf. Matsumura and Hatano, 1978) 
(3) Ultrastructural investigation of CPD purified high 
mol e cular we ight actin-binding proteins such as a -actinin 
and the protein described by Stossel and Hartwig (1975) to 
assess the possibility that some of the 'node-like' structures 
represent these proteins . 
CHAPTER 7 - THE INTERMEDIATE FILAMENTS OF CHICKEN 
GIZZARD SMOOTH MUSCLE: 
A PRELD1INARY ULTRASTRUCTURAL AND 
BIOCHEMICAL ANALYSIS 
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INTRODUCTION 
The HMM-labelling and DNAase I studies described in 
Chapters 4 and 5 led to the conclusion that most of the 
intermediate filaments in cultured chick embryo fibroblasts 
contain a core of F-actin associated with specific 
accessory protein(s). Accordingly, it was decided to 
see whether intermediate filaments in other types of cells 
also contain F-actin. Chicken gizzard was considered 
to be a good source because of the abundance of 
intermediate filaments in the smooth muscle cells of this 
It was believed 
organ (Shoenberg and Needham, 1976). 
to be relatively easy to isolate a homogenous population 
of intermediate filaments from these cells (Cooke and 
Chase, 19~1; Rice and Brady, 1973; Cooke, 1976; Small 
and Sobieszek, 1977). 
Biochemical characterization of intermediate 
filaments of smooth muscle was first carried out by 
Cooke and Chase (1971), who demonstrated their 
insolubility in solutions of high ionic strength. Rice 
and Brady (1973) observed two high molecular weight bands, 
corresponding to about 85,000 and 105,000 daltons 
(85 and 100K) in the isolated intermediate filaments of 
chicken gizzard. Later, Cooke (1976) reported that a 
protein having a sub-unit molecular weight of 55K is 
the major constituent of the intermediate filaments of 
these cells. At about the same time, however, Lazarides 
and Hubbard (1976) came to the conclusion that the 
molecular weight of the major sub-unit of these 
inte rme dia t e fil a me nts is SOK; 
'desmin'. Schollme ye r, et al . 
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they calle d this p rotein 
(1976) favoured the v iew 
that a SSK prote in is the major sub-unit of chicke n 
gizzard interme d i ate filaments and that, in addition, 
prote ins having sub-unit molecul a r weights of 100K and 
200K are also present. According to Small and Sobieszek 
(1977), a SSK protein is the sole constitue nt of 
intermediate filaments because it was claimed to be 
possible to resynthesize such filaments using SSK protein 
alone; these authors named their protein 'skeletin'. 
These studies suggest that either the SOK or the SSK (the 
differe nce may be due to differences in the electrophoretic 
methods) sub-units provide the major protein in the 
interme diate filaments of chicken gizzard. However, 
both Cooke (1976) and Lazarides and Hubbard (1976) found 
a significant quantity of actin (detected by SDS 
polyacrylamide gel electrophoresis) which copurified 
along with the SSK (or SOK) protein of intermediate filaments, 
even after preliminary extensive actomyosin extraction. 
While Cooke (1976) treated the presence of actin as a 
contaminant, Lazarides and Hubbard (1976) did not preclude 
the possibility of actin being a constituent of the 
chicke n gizzard intermediate filaments. Therefore, the 
question of whe ther actin forms an integral component 
of these intermediate filaments is an undecided one. 
Accordingly, to see whether actin might occur within 
these filame nts in the form of an F-actin core (as was 
shown in the case of intermediate filaments of chick embryo 
connective tissue cells (see Chapters 4 and 5)), the 
gizzard smooth muscle intermediate filaments were 
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subj e cted to DNAase I treatment and HMM labelling 
following gentle trypsinization. These procedures were 
adapte d from the techniques used to d emonstrate the 
presence of F-actin in the intermediate filaments of 
chick embryo connective tissue cells (se e Chapters 4 and 5). 
The results of this work are presented under the 
following headings: 
(a) Isolation of intermediate filaments; 
(b) Ultrastructure of intermediate filaments; 
(c) Effect of DNAase I on intermediate filaments; 
(d) Effect of trypsin and HMM on intermediate filaments; 
(e) Effect of aqueous extraction on the structure of 
intermediate filaments. 
RESULTS 
(a) Is o l ation o f in termediate f ilament s: The procedure 
used for the isolation of intermediate filaments from 
chicken gizzard (for details, see Chapter 2, P.44) is a 
modification of the method used by Small and Sobieszek 
these workers was found to be redundant. Repeated extractions 
using high ionic stre ngth (0.6M KCl) actomyosin extractins 
solutions (HAME S) conta ining either 5mM ATP or 30mM p y rophosphate 
were found to be effective in extracting the actomyosin~ 
(1977). The low ionic strength extraction step used by 
Fig. 1 is an SOS polyacrylamide g e l e l e ctrophore sis 
profile illustrating the presence of actin and myosin in 
the supernatant after extraction by HAMES. The 
supernatants of initial extractions were analysed 
ultrastructurally. 
As illustrated in Fig. 2, numerous 
Fig. 1: SDS polyacrylamide (10%) gel electrophoretic 
profile showing proteins present in initial 
stages in the isolation of intermediate filaments 
(for methods, see Chapter 2, p.44). 
(A) Protein stands: These are - purified 
skeletal muscle myosin (m) ( 200K) , 8-
galactosidase (bg) (130K), bovine serum 
albumin (bsa) (68K), glutamate dehydrogenase 
(gdh) (53K), and actin (a). 
(B) Homogenate of chicken gizzard smooth muscle 
in standard salt solution showing two 
prominent bands corresponding to myosin 
(m) (200K) and actin (a) (42K). Other bands 
of significant quantities correspond to 
molecular weights of 55K, 220K, 140K, 118K 
and 30K. Many minor bands are also present. 
(C and D) Extract obtained after HAMES (high 
ionic strength actomyosin extracting solution) 
extraction showing a large quantity of actin, 
and smaller but significant quantities of 
myosi~ and proteins other than the 55K 
protein. As demonstrated here , very little 
SSK protein is extracted by HAMES. 
Fig. 2: An electron micrograph showing a negatively 
stained preparation of an extract obtained after 
HAMES extraction . Short actin filaments can be 
seen decorated by monomers of myosin resulting 
in an arrowhead configuration . No myosin thick 
filaments are seen. X 88,000. 
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short actin filaments are decorated by myosin molecules, 
resulting in 'arrowhead' formations. No myosin thick 
· filaments can be seen. 
After repeated HAMES extractions, the residue was 
found to be highly enriched in intermediate filaments. 
No filaments resembling either thick myosin or thin actin 
filaments remained in association with the intermediate 
filaments. However, the SDS gel derived from this 
intermediate filament preparation shows, in addition to 
large amounts of 55K protein, the presence of significant 
quantities of actin (Fig. 3). A protein corresponding 
to the molecular weight of myosin and a few minor bands 
are present as well. 
(b) Ultrastructure of intermediate filaments: As shown 
in Fig. 4, intermediate filaments occur as aggregates 
consisting of large numbers of long curvilinear filaments. 
Collagen fibres are occasionally associated with these 
aggregates. A high power view (Fig. 5) indicates that 
these filaments are relatively uniform in diameter, 
averaging 11 nm (range 10-12 nm). This is consistent 
with the finding of Small and Sobieszek (1977). Each 
intermediate filament appears to consist of 4-5 sub-filaments. 
Small and Squire (1972) reported finding 4 sub-filaments 
in the intermediate filaments of sectioned chicken 
giz zard smooth muscle cells. 
(c) Effe ct of DNAase I on interme diate filam e nts: 
Intermediate filaments were treated with DNAase I under 
the same conditions as used in the case of cultured chick 
Fig. 3: SDS polyacrylamide (10 %) gel electrophoretic 
profile of a residue after several HAMES extractions 
shows abundant quantities of 55K protein, a small 
but significant quantity of actin, a slightly 
smaller quantity of a 200K protein and traces 
of a 220K protein. Also present are some faint 
unidentified bands . A, B, C and D correspond to 
varying amounts of residue applied to the gel. 
E shows protein standards which consist of 
purified ske letal muscle myosin (m) (200K), 
B-galactosidase (bg) (130K), bovine serum albumin 
(bsa) (68K), glutamate dehydroge nase (gdh) (53K), 
and purified skeletal muscle actin (a). The 
lowest ba~i is that of myosin light chain (le). 
Fig. 4: Electron micrograph of a negatively stained 
preparation of intermediate filaments isolated 
from chicken gizzard smooth muscle. The intermediate 
filaments are more or less uniform in diameter 
(~ 11 nm), long and intertwined, sometimes occurring 
in clumps. Thin actin filaments or thick myosin 
filaments are not seen in this preparation. X 75,000. 
-L----- -
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Fig. 5: A high power electron micrograph of isolated 
intermediate filaments reveals that they 
contain 4 subfilaments (circled areas). As 
in the previous micrograph, no thin filaments 
can be observed . X 220,000. 

embryo connective tissue cells. Fig. 6 repres e nts a 
control electron micrograph of filaments which we re not 
subjected to DNAase I treatme nt but whe re all other 
conditions were common to both the control and the 
DNAase I-treated fil a ments. A comparison of Figs. 6 
(control) and 7, which shows the DNAase I-treated 
intermediate filaments, illustrates that the DNAase I 
treatment has not resulted in any discernible change in 
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the structure of these filaments. This finding contrasts 
with what occurred in the cultured chick embryo connective 
tissue cells, where intermediate filaments were 
depolymerized, along with the thin filaments (see Chapter 5). 
(d) Effe ct of tryp s in and HMM on i ntermediate filam e nts ~ 
Intermediate filaments of chicken gizzard did not label 
with HMM ~nder conditions which allowed the labelling of 
thin actin filaments. Earlier it was shown (see Chapter 4) 
that in cultured chick embryo connective tissue cells, 
HMM labelled intermediate filaments, after a gentle trypsin 
treatment which did not eliminate them. This indicated 
that a trypsin-resistant F-actin core forms the basis of 
intermediate filaments inculturedfibroblasts. However, 
intermediate filaments isolated from chicken gizzard were 
completely destroyed by this same gentle trypsin treatment. 
Fig. 8 is an electron micrograph of a control 
preparation, i . e . one not tre ate d with trypsin. Here, 
the intermediate filaments are long and take a curvilinear 
course. Collagen fibres can be seen associated with the 
intermediate filaments . After gentle trypsin treatment 
(S µg/ml for 1-2 hours at room temperature), the intermediate 
Fig. 6: Control for DNAase I experiment for which an 
intermediate filament preparation was 
subjected to a change in the ionic environment 
and standing at room temperature but not 
DNAase I (for details of treatment, see 
Chapter 2, p.46). 
This micrograph shows that standing at room 
temperature and in a reduced ionic strength 
solution (from 0.6M to 0.lM KCl) for 2 hours 
has no appreciable effect on the structure of 
intermediate filaments. X 70,000. 
Fig. 7: This electron micrograph shows a preparation 
of intermediate filaments which were subjected 
to DNAase I treatment (for methods, see 
Chapter 2, p.46). As the micrograph illustrates, 
DNAase I has no discernible effect on the 
structure of tr.ese intermediate filaments. 
Other conditions were the same as in the control 
(cf. Fig. 6). X 50,000. 

Fig. 8: Control for trypsin experiment (for methods , 
see Chapter 2, p.46). The electron micrograph 
shows intermediate filaments (if) some 
occurring in clumps. Collagen fibres (cf) , 
as identified by their cross-banding, can be 
seen associated with the intermediate filaments . 
X 90 , 000. 
Fig. 9: Electron micrograph showing negatively stained 
product obtained after gentle trypsin treatment 
of intermediate filaments. When intermediate 
filaments were given a gentle trypsin treatment 
to see whether they would then label with HMM 
or not, they were completely destroyed. The 
collagen fibres (cf) were not disrupted by this 
trypsin treatment . X 88 , 000. 

filaments are completely lost and only electron-dense 
amorphous material is seen (Fig. 9). In this same 
micrograph collagen fibres appear to remain unaffected. 
(e) Effe ct of aqueo us extraction on the structure of 
intermediate filam e nts: In an attempt to obtain 55K 
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protein free of actin, the residue after HAMES extraction 
was again extracted repetitively with buffered glass-
distilled water . As the gel (Fig. 10) indicates, a 
large quantity of actin is present in the supernatants 
after water extraction. However, the most surprising 
result was the disruption of the structure of intermediate 
filaments. This was revealed when the residue after 
water extraction was viewed under the electron microscope. 
As shown in Fig. 11, the filaments are broken up at 
several places and only densely staining globular aggregates 
remain. The extent of the breakage of filaments increased 
progressively after each water extraction. 
DISCUSSION 
The results of the experiments described above can 
be summarized as follows : 
(1) DNAase I does not depolymerize the intermediate 
filaments of chicken gizzard smooth muscle; 
(2) The filaments can not be made to label with HMM: the 
gentle trypsin pre-treatment (which made possible the 
labelling of intermediate filaments of chick embryo 
connective tissue cells) completely destroys the intermediate 
Fig.10: SDS polyacrylamide gel (10 %) electrophoretic 
profile of e x tracts (B, C, D and E) obtained 
after distilled water extraction. This gel 
illustrates that actin is preferentially 
extracte d, by this procedure, from preparations 
rich in intermediate filaments. 
A refers to standards consisting of myosin (m) 
(200K), S-galactosidase (bg) (130K), bovine serum 
albumin (bsa) (68K), glutamate dehydrogenase 
(gdh) (53K), actin (a) (42K) and creatine kinase (ck) (40K). 
Fig.11: Electron micrograph showing a negatively 
stained p ~eparation of intermediate filaments 
which were subjected to distilled water 
extraction. The intermediate filaments are 
disrupted by this procedure. Accumulation 
of electron dense material formed by the 
disruption of filaments are seen. 
X 75,000. 
\ 
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filaments of chicken gizzard. 
(3) In intermediate filament preparations which, by 
electron microscopy, appear homogenous (free of any thin 
actin or thick myosin filaments) SOS gels reveal significant 
quantities of actin along with another major (55K) protein 
and several minor proteins. 
(4) When intermediate filament preparations are treated 
with buffered, glass-distilled water, the filaments are 
progressively broken down, this being accompanied by a 
gradual extraction of actin. 
The above-mentioned results indicate that F-actin, 
which forms the core of intermediate filaments of chick 
embryo connective tissue cells (see Chapters 4 and 5), is 
not present in the intermediate filaments of chicken 
gizzard. This is convincingly deillonstrated by both the 
DNAase I and trypsin-HMM labelling experiments . In the 
case of chick embryo connective tissue cells , the DNAase I 
treatment (by depolmerization of the F-actin core of the 
intermediate filaments), resulted in the complete loss of 
these filaments. This appears to demonstrate that there 
is an F-actin core which is critical for maintaining the 
structure of the intermediate filaments of chick embryo 
connective tissue cells. However, in the case of 
chicken gizzard smooth muscle intermediate filaments, 
DNAase I treatment produces no detectable fine structural 
change and this appears to indicate that in these 
intermediate filaments, there is no structure-maintaining 
F-actin core. 
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This interpretation is supported by the experiments 
which were designed to label the chicken gizzard 
intermediate filament s with HMM after a gentle trypsin 
pre-treatment. In contrast to the findings with chick 
embryo connective tissue cells (Buckley, Raju and Stewart, 
1978; see also Chapter 4), where this type of pre-treatment 
enabled the subsequent HMM labelling of their intermediate 
filaments, the effect of this gentle trypsinization on 
the intermediate filaments of chicken gizzard was to 
completely destroy them. As actin in the F-form is 
known to resist such trypsin treatment, the above result 
appears to show clearly that F-actin is not present within 
the intermediate filaments of chicken gizzard. 
Assuming that actin is not present in the filamentous 
form (i.e. as F-actin) in chicken gizzard intermediate 
filaments, is there any possibility of it being present 
in some non-filamentous form? The presence of actin in 
the intermediate filament preparation as shown by the SOS 
gel results described above, was also observed by other 
workers (Cooke, 1976; Lazarides and Hubbard, 1976; Small 
and Sobieszek, 1977). While Cooke (1976) and Small and 
Sobieszek (1977) interpreted the presence of actin as due 
to contamination, Lazarides and Hubbard (1976) considered 
the possibility of actin being a constituent of intermediate 
filaments. Later, Lazarides and Balzer (1977) found 
additional evidence for the occurrence of actin as an 
integral component of the intermediate filaments of chicken 
smooth muscle. When they analysed the intermediate 
filament actin fraction by two dimensional gel 
electrophoresis, they found it to be exclusively a 
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y-variant of actin, in contrast to the actin in the 
initially extracted acto-myosin, which was all $-variant. 
The present results support the work of Lazarides and 
Hubbard (1976) and Lazarides and Balzer (1977). 
It is hard to agree with the claim of Small and 
Sobieszek (1977) that the intermediate filaments of chicken 
gizzard do not contain actin. 
their claim are as follows: 
The reasons for doubting 
(1) In their procedure for obtaining purified intermediate 
filaments, actin continued to co-purify with the SSK 
protein until harsh measures (such as urea solubilization 
and acetic acid extraction) were applied. These harsh 
measures could have been deleterious to actin. 
(2) The filaments reconstituted by these authors using 
purified SSK protein under non-physiological conditions 
(such as using a pH of 2-4), do not resemble the native 
intermediate filaments. 
The possible functional significance of the presence 
of F-actin in the intermediate filaments of chick embryo 
connective tissue cells on the one hand and the absence of 
F-actin from the intermediate filaments of chicken gizzard 
on the other should be considered. It may be that 
intermediate filaments of chick embryo connective tissue 
cells play a dual role, first as a cyto-skeletal structure-
determining physical support fo the cell body 
and s e condl y a s a structure providing one component of 
a shear force-generating apparatus for organelle 
movements through the sub-cortical cytoplasm. An 
underlying F-actin core in these filaments could help to 
achieve both roles. The intermediate filaments of chicken 
gizzard smooth musc le, however , may act simply as a 
cyto-ske l e t a l structure, preventing exces sive loca lized 
distensions which might otherwise re s ult in rupture of 
the cells during contraction. 
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The major intermediate filame nt-specific protein of 
non-muscle cells, such as fibroblasts, has a similar 
molecular weight, ~ ssK, (Starger et al ., 1978) to that of 
smooth muscle. Nevertheless, it is still uncertain 
whether these proteins are related. Campbell et al . 
(1978) found that fluorescein-labelled anti-bodies raised 
against the SDS-denatured 55K protein isolated from 
chicken gizzard intermediate filaments did not stain the 
intermediate filaments of cultured fibroblasts. However, 
Kurki et al . (1977) found that the anti-bodies which stain 
the intermediate filaments of non-muscle cells, such as 
human embryonic skin fibroblasts, also cross react with 
a preparation of intermediate filaments purified from 
chicken gizzard according to the method of Cooke (1976). 
This particular intermediate filament preparation is 
highly enriched in 55K protein (Cooke, 1976). Consequently, 
the relationship between the 55K protein of the smooth 
muscle intermediate filaments and the 55K protein of 
non-muscle cell intermediate filaments has yet to be 
determined. Nevertheless, it seems conceivable that the 
major interme diate filament protein of chicken gizzard 
smooth muscle could be r e lated to its counterpart in at 
least some of the non-muscle cells (Starger et al ., 1978; 
Franke et al ., 1978). 
Future work in the following areas will throw more 
light on the structure of intermediate filaments of chicken 
gizzard smooth muscle: 
(1) Studies should be aimed at determining whether 
55K protein, isolated by gentle methods from chicken 
gizzard smooth muscle, can alone self-assemble to form 
intermediate filaments under physiological conditions. 
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(2) If 55K protein alone does not self-assemble, actin 
must be also added to the 55K preparation to see 
whether assembly of intermediate filaments is then possible 
under physiological conditions . This actin must be 
obtained from a morphologically pure intermediate filament 
preparation obtained after extensive actomyosin extraction. 
(3) If intermediate filaments can be synthesized in vitro, 
they must be carefully compared with the intermediate 
filaments occurring in the cell by electron miscroscopic 
and optical diffraction analysis. 
(4 ) Fin~lly , biochemical studies shou~d be carried out 
to determine the functional significance of they - variant 
o f actin . 
CHAPTER 8 - SUMMARY AND CONCLUSIONS 
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The aim of this work has been to increase understanding 
of how non-muscle cells move, by defining the form and 
distribution of F-actin and myosin in cultured chick 
embryo conne ctive tissue cells. This problem has been 
approached by combining light and electron microscopy with 
a variety of cytochemical and biochemical techniques. 
The results of this thesis can be summarized as 
follows: 
Structures Associated with Moving Parts of the Cell 
The actively moving parts of living cells, notably 
the veil-like and microvillus extensions of the cell 
surface and the organelles in the deeper cytoplasm, 
show a constant close association with filaments. Thin 
filaments, 4-7 nm in diameter, are closely associated with 
movements of the cell surface and intermediate filaments, 
7-11 nm in diameter, are associated with the movements 
of organelles through the sub-cortical cytoplasm. All 
of these filaments have attached to them, numerous tiny 
'node-like ' structures with fine tails. Frequently 
these, joined tail to tail, form 'dumb-bell' structures 
which cross-link filaments to one another , to 
microtubules and to nearby organelles. Having define d 
the fine structure of the cell's filament system in 
relation to its moving parts, attempts were made to 
identify which of its components contain filamentous 
actin and which represent cytoplasmic myosin. 
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F-actin Localization 
To determine the localization of F-actin , studies 
were made with both heavy meromyosin (HMM), a tryptic 
fragment of muscle myosin known to bind to F-actin to 
form arrowhead complexes, and DNAase I which specifically 
couples to F-actin and depolymerizes it. In common 
with the experience of previous investigators, in 
glycerinated/myosin-extracted cells treated with HMM, 
only the thin filaments of the sub-plasmalemmal cytoplasm 
and cell cortex labelled to form arrowhead patterns. The 
predominantly intermediate-sized filaments of the sub-cortical 
cytoplasm failed to label. Exploring the possibility 
that this failure to label could be due to the blocking 
effect of some accessory proteins, advantage was taken 
of the known relative resistance of F-~ctin to trypsin 
to see whether its action might unmask underlying 
F-actin. When glycerinated/myosin-extracted cells were 
given a controlled trypsin treatment before the 
application of HMM, virtually all filaments showed 
clear arrowhead patterns, most notably the intermediate-
sized ones which had previously failed to label. 
As control experiments demonstrated that these intermediate 
filaments were not destroyed by the trypsin treatment, 
it could be concluded that the intermediate filaments 
of the sub-cortical cytoplasm, as well as the thin 
filaQents of the cell cortex, contained filamentous actin. 
The glycerinated/myosin-extracted cultured chick 
embryo connective tissue cells were also treated with 
DNAase I, which is known to selectively bind to muscle 
F-actin and completely depolymerize it by a non-enzymic 
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action. The results obtained from the cells treated 
with DNAase I showed that not only did the thin filaments 
undergo depolymerization, but so also did the 
intermediate filaments. Accordingly, these results 
support the idea that intermediate as well as thin 
filaments contain F-actin. Therefore, these results 
support the conclusion drawn from the HMM labelling 
experiments. 
Myosin Localization 
Electron microscopic examination of normal (unextracted) 
cultured connective tissue cells failed to reveal any 
structures resembling myosin thick filaments. 
As no myosin-specific marker suitable for electron 
microscopy was available, evidence for the identification 
of cytoplasmic myosin was less direct than for actin. 
Using myosin-extracting solutions to treat glycerinated 
cells, attempts were made to determine which structures 
were removed by this treatment and whether this was 
accompanied by the appearance of myosin in the extracts, 
as determined by SDS gel electrophoresis. 
When glycerinated cells were treated with 
pyrophosphate-based myosin-extracting solutions, the 
'node-like' and 'dumb-bell' shaped structures were 
removed, leaving behind smooth residual filaments. This 
change was accompanied by the appearance in the extract 
of bands which comigrated with myosin heavy chains. All 
other bands in the extract appeared essentially as in 
the extract obtained by extraction with glycerol/standard 
salt solution (which did not have any pyrophosphate). 
-
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This suggested the possibility that a high proportion 
of the 'node-like ' and 'dumb-bell ' shaped structures 
represent cytoplasmic myosin. 
To explore this idea, model experiments were carried 
out with purified actin and myosin derived from skeletal 
muscle. When F-actin and myosin were mixed together in 
a molar ratio approximating that of non-muscle cells 
(i.e. ~ 50:1) then, even under conditions known to 
favour the formation of myosin thick filaments, the 
monomeric myosin preferentially bound to the actin 
filaments instead of self-aggregating. The resulting 
actin myosin filamentous complex bore a clear resemblance 
to the filamentous system of intact cultured cells. 
Accordingly, it is tentatively conclude~ that 
many of the 'node-like' and 'dumb-bell' shaped structures 
found in intact and glycerinated cultured cells 
represent cytoplasmic myosin in some highly disperse 
form, possibly as monomers and dimers. 
Intermediate Filaments of Smooth Muscle 
Isolated preparations of the intermediate filaments 
of chicken gizzard smooth muscle were investigated to 
see whether these too might contain F-actin. However, 
in contrast to the intermediate filaments of chick 
embryo connective tissue cells, when these smooth muscle 
intermediate filaments were given the trypsin treatment, 
they were rapidly destroyed and when treated with DNAase I, 
they appeared to remain unaffected. At the same time, 
as shown by SDS gel electrophoretic analyses, smooth 
muscle intermediate filament preparations, which 
ADDENDUM 
Proposed Models 
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There is no experimental evidence to prove that proposed 
model (i) is the functioning system in non-muscle cell 
movements. However, the structural evidence as reported in 
this thesis shows that the 'node-like' structures are thought 
to be myosin molecules whose tails cross-link adjacent actin 
filaments. Korn (1978) has also proposed a similar model to 
explain cell motility. He further stated that this model 
satisfies the requirement of a sliding filament mechanism as 
described for skeletal muscle contraction. Accordingly, even 
though the proposed model (i) is lacking experimental evidence 
at this stage, it is worthwhile pursuing. Whether or not any 
auxillary protein is involved in linking myosin tails to 
actin filaments is unknown. 
The proposed model (ii) states that myosin in dimeric 
form, by cross-linking two actin filaments, can bring about 
relative movements of filaments. Such a model has already 
been described in detail by Panner and Honig (1967)* in 
smooth muscle. These authors also showed that their model 
satisfied the 'length-tension' relationship of smooth muscle 
contraction. Nachmias (1972) also proposed a similar model 
to explain motility in Physarum. Hence, proposed model (ii) 
is thought to be functionally meaningful. 
With regard to proposed model (iii) the evidence for 
interaction between actin, myosin and mitochondria is based 
purely on morphological observations (Buckley and Raju, 1976; 
see also Chapter 3 in this thesis). The mitochondria are 
surrounded by a three dimensional network of filaments, which 
contain actin. It was also observed that short 'dumb-bell' 
shaped structures cross-link mitochondria with the network of 
actin filaments. However, it must be stated here that 
biochemical evidence such as localization of myosin or actin 
on the outer membrane of mitochondria must be obtained to 
support this model. Another possible experiment would be to 
isolate mitochondria from cells and coat them with non-muscle 
myosin. The next step would be to introduce the myosin coated 
mitochondria into a Rose Chamber where the glass coverslip is 
coated with polymerized actin filaments. If the proposed 
model (iii) is correct, the mitochondria should exhibit 
movements in the presence of suitable ionic strengths and ATP. 
* PANNER, B.J. and HONIG, C.R. (1967). 
Filament ulstrastructure and organization in vertebrate 
smooth muscle : contraction hypothesis based on localization 
of actin and myosin. J. Cell Biol., 35, 303-321. 
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appeared to be free of thin filaments, nevertheless 
contained significant quantities of actin. From this 
it was tentatively concluded that actin is incorporated 
in the structure of these intermediate filaments, but in 
some non-filamentous form. 
Proposed Model 
Based on the results obtained with the structure and 
localization of F-actin and myosin in cultured chick 
embryo connective tissue cells, it is proposed that 
movements in non-muscle cells may be brought about b v one 
or more of the following mechanisms. 
( i) Interaction between two F-actin 
filaments through monomers of myosin 
molecules: It is conceivable that 
individual myosin molecules might 
attach to an F-actin filament 
through their tails. Then the heads 
which are free could interact with 
another F-actin filament, resulting 
in the movement of the latter in 
relation to the former. 
(ii) Inte~action between two F-actin 
filaments through dimers of myosin: 
The heads of myosin dimers might 
interact with two F-actin filaments 
polarized in opposite directions, 
to bring about relative movement. 
t 
(iii) Organelle movements : Organelles 
might be moved , by interacting 
with F-actin containing intermediate 
filaments, through attached monomers 
o r dimers of myosin . 
153 
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